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Four of the world’s greatest physicists discuss, in non-
technical language, the ways we see and think about the
world in the age of nuclear physics.
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British citizen in 1939 and presently resides in Bad
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Nobel Prize in 1933 for his work on wave mechanics and
its application to atomic structure. He was born and edu-
cated in Vienna and succeeded Max Planck as professor
of physics at the University of Berlin in 1927. He taught
in Dublin in 1940 and returned to Vienna in 1956.
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On Modern Physics






Chapter 1

Planck’s Discovery and the Philosophical
Problems of Atomic Physics'

WERNER HEISENBERG

AT A WORLD conference on atomic energy, such as the one
now taking place here in Geneva, where we consider the
enormous amount of work devoted to the development of
atomic physics in the most diverse countries, where we
hear of the hundreds of projects attempting to apply the
theoretical results of atomic physics to industrial purposes,
we run the risk of overlooking, in the mass of details, the
fact that our purpose today is to solve problems that have
faced humanity for a very long time and that the theoreti-
cal work of our era is related to the efforts undertaken by
man thousands of years ago. In today’s lecture we shall
speak of these broad historical relationships. At first

1 Lecture delivered September 4, 1958.
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glance they are undoubtedly more interesting to the his-
torian than to the physicist, but on reflection the physicist,
too, can observe certain governing principles that allow
him a valuable insight into his own present problems.

Modern physics and particularly the quantum theory
discovered by Planck, the centenary of whose birth is
celebrated this year, have raised a series of very general
questions, which not only concern the narrower problems
of physics but also deal with the method of the exact
natural sciences and with the nature of matter. These
questions have compelled the physicist to reconsider the
philosophical problems that seemed to have been definitely
answered in the narrow framework of classical physics.

There are two groups of problems in particular that
have again been raised by Planck’s discovery, and these
will be the subject of today’s lecture.

One concerns the essence of matter or, more exactly,
the Greek philosophers’ old question of how it is possible
to reduce to simple principles the motley and manifold
phenomena surrounding matter and thus make them in-
telligible. The other concerns an epistemological problem,
which particularly since Kant has been repeatedly raised,
of how far it is possible to objectify our observations of
nature—or our sensory experience in general—that is, to
determine from observed phenomena an objective process
independent of the observer. Kant had spoken of “the
thing in itself.” He was later often accused, even from the
philosophical viewpoint, of inconsistency in this concept
of “the thing in itself” in his philosophy. In the quantum
theory this problem of the objective background of phe-
nomena has arisen in a new and very surprising form. This
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question can therefore also be treated anew from the
standpoint of the modemn natural sciences.

I. In today’s lecture we shall first deal with the prob-
lems in the realm of natural philosophy resulting from the
search for a unified understanding of material phenomena.
The Greek philosophers, meditating on the basis of visible
phenomena, came up against the question of the smallest
particles of matter. The result of this search was that, at
the end of that period of human thought, there were two
opposing concepts that have exercised the strongest in-
fluence on later developments of philosophy. These con-
cepts were labeled “materialism” and “idealism.”

The atomic theory founded by Leucippus and Democ-
ritus considered the smallest particles of matter as “that
which exists” in the strictest sense. These particles were
considered as indivisible and unalterable, They were eter-
nal and ultimate units; they were therefore called atoms,
and they neither needed nor had any further explanation.
They had no properties other than geometrical ones. Ac-
cording to the philosophers, they did have a definite form.
They were separated from each other by empty space and,
by their different positions or movements in empty space,
could produce a large variety of phenomena, but they had
neither color nor smell or taste, still less temperature or
other physical properties familiar to us. The properties
of things that we perceive were indirectly caused by the
different arrangement and movement of the atoms. Just
as tragedy and comedy can be written with the same
letters, so the most diverse happenings in the world can,
according to the doctrine of Democritus, be realized by
the same atoms. The atoms were therefore the true, objec-
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tively real core of matter and thus of all phenomena.
They were, as I have already said, “that which exists” in
the strictest sense, while the large variety of phenomena
were produced only indirectly by the atoms. Therefore,
this concept was called materialism.

For Plato, on the other hand, the smallest particles of
matter are, so to speak, only geometrical forms. Plato
considers the smallest particles of the elements identical
with the regular bodies of geometry. Like Empedocles,
he assumes the four elements to be earth, water, air, and
fire. He conceives the smallest particles of the elements
earth as cubes, the smallest particles of the element water
as icosahedrons; similarly, he imagined the elementary
particles of fire as tetrahedrons and those of air as octa-
hedrons. The form is characteristic for the properties of
the element. In contrast to Democritus, the smallest
particles are not unalterable or indestructible for Plato;
on the contrary they can be resolved into triangles and
can be reconstructed from triangles. In this theory they
are therefore not called atoms. The triangles themselves
are no longer matter, for they have no spatial dimensions.
Therefore, in Plato, at the lowest limit of the series of
material structures, there is really no longer anything
material, but a mathematical form if you like, an intellect-
ual construct. The ultimate root from which the world
can be uniformly understood is, in Plato, mathematical
symmetry, the image, the idea; this concept is therefore
called idealism.

It is remarkable that this old question of materialism
and idealism has again been raised in a very definite form
by modern atomic physics and particularly by the quan-
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tum theory. Before the discovery of Planck’s action quan-
tum the modern exact natural sciences, physics and
chemistry, were materialistically oriented. In the nine-
teenth century the atoms of chemistry and their constit-
uents, which today are called elementary particles, were
considered as the only thing that really exists, as the real
substratum of all matter. The existence of atoms neither
had nor needed further explanation.

Planck, however, had discovered a quality of discon-
tinuity in radiation phenomena, which seemed related in
a surprising manner to the existence of atoms, but could
on the other hand not be explained on the basis of their
existence,

This characteristic, revealed by the action quantum,
‘led to the idea that discontinuity as well as the existence
of the atom could be joint manifestations of a fundamental
law of nature, of a mathematical structure in nature, and
that its formulation might lead to a unified understanding
of the structure of matter, which the Greek philosophers
had sought, The existence of atoms was therefore perhaps
not an yjtimate fact, incapable of further explanation.
This existence could be ascribed, as in Plato, to the action
of mathematically formulable laws of nature, that is, to
the effect of mathematical symmetries.

Planck’s 1aw of radiation also differs in a very char-
acteristic manner from the previously formulated laws of
nature. Ajthough the previous laws of nature, e.g., New-
tonian mechanics, contained so-called constants, these
constants referred to the properties of objects, e.g., their
mass or the intensity of the force acting between two
bodies or the like. On the other hand, Planck’s action
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quantum, which is the characteristic constant in his law
of radiation, does not represent a property of objects, but
a property of nature. It establishes a scale in nature and
demonstrates at the same time that, under conditions in
which the effects are very large in comparison with
Planck’s action quantum (as in all phenomena of daily
life), natural phenomena take a different course than in
those cases in which the effects are of the order of atomic
size, that is, of Planck’s quantum. While the laws of
former physics, e.g., Newtonian mechanics, should basi-
cally be equally valid for all orders of magnitude (the
movement of the moon around the earth should obey the
same laws as the fall of the apple from the tree or the
deviation of an alpha particle that grazes the nucleus of an
atom), Planck’s law of radiation shows for the first time
that there are scales in pature, that phenomena in different
ranges of magnitude are not necessarily of the same type.

Already a few years after Planck’s discovery, the signifi-
cance of a second “measurement constant” was under-
stood. Einstein’s special theory of relatively made it clear
to physicists that the velocity of light did not, as had
previously been supposed in electrodynamics, describe the
property of a special substance—‘‘ether”—that supported
the propagation of light, but that a property of space
and time was involved, that is, a general property of
nature not related in any way to particular objects or
things in nature. Thus, the velocity of light.can also be
considered as a measurement constant of nature.

Our intuitive concepts of space and time can be applied
only to those phenomena in which small velocities with
respect to the velocities of light are involved. Conversely,
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the well-known paradoxes of the theory of relativity are
based on the fact that phenomena involving velocities
near that of light cannot be properly interpreted with
our normal concept of space and time. May I remind you
of the well-known paradox of the clocks—that for a
rapidly moving observer time apparently moves more
slowly than for a stationary ome. After the mathematical
structure of the special theory of relativity had been made
clear, it very soon became possible in the first decade
of this century to analyze the physical significance of
these mathematical relationships. This was done so thor-
oughly that it was possible to understand completely the
aspects of nature connected with the velocity of light as
a measurement constant. The many discussions on the
theory of relativity clearly show that our deep-rooted
concepts impeded the understanding of the theory, but
the objections were rapidly overcome.

II. It was, however, much more difficult to understand
the physical relationships connected with the existence of
Planck’s action quantum. It appeared probable from a
paper of Einstein in the year 1918 that the laws of the
quantum theory in some way or other involved statistical
relationships. But the first attempt to thoroughly study
the statistical nature of the laws of the quantum theory
was made by Bohr, Kramers and Slater in 1924. The
relationship between electromagnetic fields, which had
been considered to be the propagators of light in classical
physics since Maxwell, and the discontinuous, i.e., quan-
tumwise, absorption and emission of atoms as postulated
by Planck was interpreted in the following manner: The
field of electromagnetic waves, to which the phenomena
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of interference and diffraction are manifestly due, deter-
mines only the probability that an atom will absorb or
emit light energy by quanta in the space under considera-
tion. The magnetic field was thus no longer considered
as a field of force that acts on the electric charge of the
atom and causes movement. Its action takes place more
indirectly: the field determines only the probability that
emission or absorption takes place.

Later this interpretation was shown to be not quite
exact. The actual relationships were still somewhat un-
certain; somewhat later they were correctly formulated
by Born. Nevertheless, the work of Bohr, Kramers and
Slater contained the decisive concept, that the laws of
nature determine not the occurrence of an event, but
the probability that an event will take place, and that
the probability must be related to a wave field that obeys
a mathematically formulable wave equation.

This was a decisive step away from classical physics;
basically a concept that played an important part in
Aristotle’s philosophy was used. The probability waves
of Bohr, Kramers and Slater can be interpreted as a
quantitative formulation of the concept of §ipapuis, pos-
sibility, or in the later Latin version, “potentia,” in Aris-
totle’s philosophy. The concept that events are not deter-
mined in a peremptory manner, but that the possibility or
“tendency” for an event to take place has a kind of
reality—a certain intermediate layer of reality, halfway
between the massive reality of matter and the intellectual
reality of the idea or the image—this concept plays a
decisive role in Aristotle’s philosophy. In modern quan-
tum theory this concept takes on a new form; it is formu-
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lated quantitatively as probability and subjected to mathe-
matically expressible laws of nature. The laws of nature
formulated in mathematical terms no longer determine
the phenomena themselves, but the possibility of happen-
ing, the probability that something will happen.

This introduction of probability corresponded at first
quite closely to the situation found in experiments with
atomic phenomena. If the physicist determines the in-
tensity of a radioactive radiation by counting how often
this radiation activates the tube in a given time, he admits
implicitly that the intensity of radioactive radiation regu-
lates the probability of the counter’s responding. The
exact interval of time between impulses does not interest
the physicist—he says they are statistically distributed.
What matters is only the average frequency of the im-
pulses.

The fact that this statistical interpretation reproduces
exactly the experimental situation has been proved in
many investigations. Quantum mechanics has also ob-
tained exact confirmation in experiments that permit
quantitative evidence, as, for example, on the wave
length of spectrum lines or the binding energy of mole-
cules. There could be no doubt of the correctness of the
theory.

The problem of the compatibility of this statistical
interpretation with the large store of experience collected
in so-called classical physics was, however, more difficult.
All experiments depend on an unequivocal relation be-
tween the observation and the physical phenomena on
which it is based. If, for example, we measure a spectrum
line of a definite frequency with a diffraction grating, we
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take it for granted that the atoms of the radiating sub-
stance must have emitted light of that frequency. Or, if a
photographic plate is blackened, we suppose that it has
been struck at that point by rays or particles of matter.
Physics, in collecting experimental data, thus utilizes the
unequivocal determinateness of events and thus apparently
finds itself somewhat opposed to the experimental situa-
tion in the atomic field and to the quantum theory. It is
precisely here that this unequivocal determinateness of
events is questioned.

This apparent inner contradiction is eliminated in mod-
ern physics by establishing that the determinateness of
phenomena exists only insofar as they are described with
the concepts of classical physics. The application of these
concepts is on the other hand limited by the so-called
uncertainty relationships; these contain quantitative data
on the limits that are placed on the application of classical
concepts. The physicist thus knows in which cases he may
consider events as determined and in which cases he may
not; he can consequently use a method devoid of intrinsic
contradictions for the observation and its physical inter-
pretation. Of course, the question arises why it is still
necessary to use the concepts of classical physics, why it
is not possible to transform the whole physical description
to a new system of concepts based on the quantum theory.

Here it is first of all necessary to stress, as von Weiz-
sicker has done, that the concepts of classical physics
play a role in the interpretation of the quantum theory
similar to that of the a priori forms of perception in the
philosophy of Kant. Just as Kant explains the concepts
space and time or causality aprioristically, because they
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already formed the premises of all experiences and could
therefore not be considered as the result of experience,
so also the concepts of classical physics form an a priori
basis for experiments in quantum theory, because we can
conduct experiments in the atomic field only by using
these concepts of classical physics.

It is true that by such a conception we take from Kant’s
a priori a certain pretense of absoluteness which it had in
the Kantian philosophy. While Kant could still assume
that our a priori perceptive forms of space and time must
constitute forever an unalterable basis for physics, we
now know that this is by no means the case. For example,
the complete independence of space and time in nature,
which we conceive to be indisputable, does in fact not
exist, as shown by very precise observations. Our forms
of perception, although a priori, do not adapt themselves
to the observation of events that occur near the velocity
of light, observations that can be made only with very
refined technical equipment. Our assertions about space
and time must therefore differ, depending on whether
we mean our innate a priori perceptions or those plans
of order existing in nature independent of human obser-
vation, in which objective occurrences in the world seem
somewhat strained. Similarly, although classical physics
is the a priori foundation of atomic physics and quantum
theory, it is not correct in everything; i.e., there are large
areas of phenomena that cannot even be approximately
described by the concepts of classical physics.

In these fields of atomic physics much of the earlier
intuitive physics is of course lost. Not only the applica-
bility of concepts and laws of that physics, but the whole
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representation of reality which has been the basis of the
exact natural sciences up to the era of today’s atomic
physics. By the phrase “representation of reality” we
mean here the concept that there are objective phenomena
taking place in a definite manper in space and time,
whether they are observed or not. In atomic physics the
observations can no longer be objectified in such a simple
manner; that is, they cannot be referred to something
that takes place objectively or in a describable manner
in space and time. Here it remains still to be added that
the science of nature does not deal with nature itself but
in fact with the science of nature as man thinks and
describes it.

This does not introduce an element of subjectivity into
natural science. We do not by any means pretend that
occurrences in the universe depend on our observations,
but we point out that natural science stands between
nature and man and that we cannot renounce the use of
man’s intuition or innate conceptions. This character of
the quantum theory already makes it difficult to follow
wholly the program of materialistic philosophy and to
describe the smallest particles of matter, the elementary
particles, as the true reality. In the light of the quantum
theory these elementary particles are no longer real in
the same sense as the objects of daily life, trees or stones,
but appear as abstractions derived from the real material
of observation in the true sense. But if it becomes im-
possible to attribute to the elementary particles this exist-
ence in the truest sense, it becomes more difficult to
consider matter as “the truly real.” Because of this, oc-
casional doubts have been voiced in the last few years
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from the camp of dialectic materialism against today’s
usual interpretation of the quantum theory.

A fundamentally different interpretation could of course
not even have been proposed from that quarter. I should
like to mention only one attempt at a new interpretation.
It was an attempt to state that the fact that a thing—for
example, an electron—belongs to a collectivity, that is, a
collection of electrons, is an objective fact that has noth-
ing to do with whether the object has been observed or
not and is thus totally independent of the observer. Such
a formulation would, however, be justified only if the
collectivity really existed. In reality, however, one is deal-
ing as a rule with only one object, for example, with that
one electron, while the whole exists only in our imagina-
tion, inasmuch as we consider each experiment repeated
as many times as we wish with that one object.

To describe belonging to an only imaginary collective
whole as objective fact seems to us hardly possible. We
cannot therefore avoid the conclusion that our old repre-
sentation of reality is no longer applicable to the feld of
the atom and that we shall find ourselves in very difficult
abstractions if we try to describe atoms as that which is
truly real. Basically speaking, the same concept of “truly
real” has already been discredited by modern physics, and
the point of departure of materialistic philosophy must be
modified at this point,

III. In the meantime, in the last twenty years the devel-
opment of atomic physics has led us even further away
from the fundamental concepts of materialistic philosophy
in the ancient sense. Experiments have shown that the
bodies that we must undoubtedly regard as the smallest
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particles of matter, the so-called elementary particles,
are not eternal and unalterable, as was supposed by
Democritus, but can be transmuted into one another.
Here, of course, we must first state our grounds for de-
scribing these elementary particles as the smallest particles
of matter. Otherwise it would be possible to believe that
these particles are composed of other smaller bodies,
which in their tum would be eternal and unalterable. How
can the physicist exclude the possibility that the elemen-
tary particles themselves are composed of smaller parti-
cles, which escaped our observation for one reason or
another?

I wish to explain in detail the reply given by modern
physics to this question, because it gives prominence to
the nonintuitive character of modern atomic physics. To
ascertain experimentally if an elementary particle is simple
or complex, it is evidently necessary to try to break it
up with the strongest means at our disposal. Naturally,
there are no knives or tools with which we might attack
the elementary particles, the only remaining possibility is
to make the particles collide with each other with great
energy to see whether they break each other apart.

The large accelerators, which are today in operation in
many part of the world or are still under construction,
serve this very purpose. One of the largest machines of this
kind is, as you now, being constructed by the European
organization CERN here in Geneva. With such machines
it is possible to accelerate elementary particles to very
high velocities (in most cases protons are used) and to
make them collide with elementary particles of any other
material being used as recipient, The results of such
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collisions are then studied case by case. Although much
experimental material on the results of such collisions
must still be collected before we can hope to be completely
clear about this branch of physics, it is nevertheless even
now possible to say qualitatively what happens in such
collision processes.

1t has been found that scission can undoubtedly take
place. Sometimes a great many particles originate in such
a collision, and surprisingly and paradoxically the par-
ticles that originate in the collision are no smaller than
the elementary particles that were being broken up. They
are themselves again elementary particles. This paradox
is explained by the fact that, according to the theory
of relativity, energy can be converted into mass. The

" elementary particles to which the accelerators have given
a large amount of kinetic enmergy, with the help of this
energy, which can be converted into mass, can generate
new elementary particles. Therefore the elementary par-
ticles are really the last units of matter, that is, those
units into which matter breaks up when maximum forces
.are used.

We can also express this phenomenon in the following
manner: All elementary particles are composed of the
same substance, that is, energy. They are the various
forms that energy must assume in order to become matter.
Here the pair of concepts “content and form,” or “sub-
stance and form,” from Aristotle’s philosophy reappears.
Energy is not only the force that keeps the “all” in con-
tinuous motion, it is also—like fire in the philosophy of
Heraclitus—the fundamental substance of which the world
is made. Matter originates when the substance energy is
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converted into the form of an elementary particle. Ac-
cording to our knowledge today, there are many such
forms. We now kmow about 25 types of eclementary
particles, and we have good reason to believe that these
forms are all manifestations of certain fundamental struc-
tures, that is, consequences of a mathematically expressi-
ble fundamental law of which the elementary particles
are a solution, in the same manner as the various energy
states of the hydrogen atom represent the solution of
Schrodinger’s differential equation. The elementary parti-
cles are therefore the fundamental forms that the sub-
stance energy must take in order to become matter, and
these basic forms must in some way be determined by a
fundamental law expressible in mathematical terms.

This fundamental law sought by present-day physics
must satisfy two conditions, both of which follow immedi-
ately from experimental knowledge. In the researches on
elementary particles, for example, in those performed
with large accelerators, so-called rules of selection have
been obtained for the transformations that take place
following collisions or following radioactive disintegration
of particles. These rules, which can be formulated mathe-
matically by means of suitable quantum numbers, are the
direct expression of the symmetrical properties inherent
in the fundamental equation of matter or its solutions.
The fundamental law must therefore contain in some
form these observed symmetries or, as We say, represent
them mathematica.liy.

Second, if it is conceded that there is such a simple
formulation, the fundamental equation of matter must
contain, together with the two constants, velocity of light
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and Planck’s action quantum, of which we have already
spoken, at least one further similar constant of measure;
since the masses of the elementary particles can for purely
dimensional reasons follow from the fundamental equa-
tion only when, apart from the known constants of meas-
ure of which I have already spoken, we introduce at least
one more. Observations on atomic nuclei and elementary
particles suggest that this third constant of measure should
be represented as a universal length, whose order of
magnitude should be about 10-1% cm.

In the fundamental natural law that determines the
form of matter and thus the elementary particles, there
must be three fundamental constants. The numerical value
of these three constants of measure no longer contains
“any physical expression. Rather, the numerical value rep-
resents only a further expression of the scale by which
we wish to measure natural phenomena. The real con-
ceptual core of the fundamental law must, however, be
formed by the mathematical properties of symmetry it
represents. The most important symmetrical properties
of this equation, which is still to be found, are already
known on the basis of experience. I should like to list
them briefly. First of all the fundamental law must
certainly contain the so-called Lorentz group, which can
be considered as a representation of the equality of space
and time required by the special theory of relativity.
Furthermore, the fundamental equation must be at least
approximately invariable with respect to a group of trans-
formations that can be described mathematically as the
group of unitary transformations of the two complex vari-
ables. The physical basis of this property of transforma-
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tion is a quantum number discovered experimentally more
than twenty years ago, which differentiates neutrons from
protons and which is now generally known as isospin. In
the last few years the research work of Pauli and Giirsey
has shown that this quantum number can be represented
by the above mathematical transformation. There are
furthermore some other group properties, mirror symme-
tries in space and time, on which, however, we cannot
dwell further.

So far, one proposal has been made for the fundamental
equation of matter, which satisfies the above-mentioned
condition and is moreover very simple. The simplest and
most symmetrical nonlinear wave equation for a field
operator considered as spinor exactly satisfies the stated
conditions. Whether this actually expresses the correct
formulation of the natural law can be determined only on
the basis of very difficult mathematical analyses in the
next few years. I should like to point out here that there
are also many physicists who are not so optimistic regard-
ing the simplicity of the mathematical form of the funda-
mental law. Considering the rather complicated system
of observed elementary particles, they suppose rather that
there must be a number of different field operators (some
say at least four, others at least six) among which there
must be a correspondingly complicated system of mathe-
matical relationships. The problem of how this fundamental
law can be formulated more or less simply or complexly is
not yet decided, and it is to be hoped that the observed
data that will be collected in years to come with the aid
of powerful accelerators can soon offer a secure basis for
the solution of these problems.
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Regardless of the ultimate decision, it can even now
be said that the final answer will be nearer to the philo-
sophical concepts expressed for example in the Timaeus
of Plato than to those of the ancient materialists. This
fact must not be mistaken for a desire to reject too lightly
the ideas of the modern materialism of the nineteenth
century, which, since it could work with the whole of the
natural science of the seventeenth and eighteenth cen-
turies, comprised much important knowledge that was
lacking in ancient natural philosophy. Nevertheless it can-
not be denied that the elementary particles of present-day
physics are related rather more closely to the Platonic
bodies than to the atoms of Democritus.

Like the regular elementary bodies of Plato’s philoso-
"phy, the elementary particles of modem physics are de-
fined by the mathematical conditions of symmetry; they
are not eternal and invariable and are therefore hardly
what can be called “real” in the true sense of the word.
Rather, they are simple representations of those funda-
mental mathematical structures that are arrived at in the
attempts to keep subdividing matter; they represent the
content of the fundamental laws of nature. For modem
natural science there is no longer in the beginning the ma-
terial object, but form, mathematical symmetry. And since
mathematical structure is in the last analysis an intellec-
tual content, we could say, in the words of Goethe’s Faust,
“In the beginning was the word”—the logos. To know
this logos in all particulars and with complete clarity with
respect to the fundamental structure of matter is the task
of present-day atomic physics and its unfortunately often
complicated apparatus. It seems to me fascinating to think
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that there is today a struggle in the most diverse countries
of the world and with the most powerful means at the
disposal of modern technology to solve together problems
posed two and a half millennia ago by the Greek philoso-
phers and that we shall perhaps know the answer in a few
years or at the latest in a decade or two.



Chapter 2

Discussion of the lecture of
Werner Heisenberg

Albert Picot

WERNER HEISENBERG has expounded to us how nineteenth
century science was founded on the ideas of Newton and
Descartes. Absolute time, absolute space, absolute caus-
ality shut us in and have enclosed the scientists in a rela-
tively narrow area. On the other hand, with the new dis-
coveries of which we spoke last night and above all with
the quantum theory and relativity, we have arrived at the
concept of which Heisenberg is the chief proponent, the
uncertainty principle, a concept that casts doubts on the
general theory of causality and on determinism. In a
parallel manner in the eighteenth, nineteenth and twentieth
centuries, a series of great philosophers affirmed the
liberty of man, even independently of science. Three of

29
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these appear to us as the proponents of liberty: Kant,
Charles Secretan, Karl Jaspers.

And here is my question—a rather critical question,
almost indiscreet, since it compels us to ask Professor
Heisenberg what his convictions are. Do these philoso-
phers find support in the theory of uncertainty, in the new
orientation of science, which recognizes the role of liberty
in nature? Is it not strange that a man like Karl Jaspers
does not support these discoveries? Is it a new element
to prove the liberty of man or is it only a momentary
stage in science, which one day will again show causality
in quanta? Can we join together, or must we separate, the
philosophers who affirm liberty on the basis of philosophy
and the scientists who have expounded the uncertainty
concept on principles that seem very solid?

Heisenberg

The problem of the relation between uncertainty and
liberty has been dealt with too imprecisely and superfici-
ally, particularly in the press. It cannot be said that the
uncertainty principle opens the door wider to liberty.

We must try to approach the problem of uncertainty
and liberty by means of the theory of knowledge, such as
Kant also used. The question of what I can do or cannot
do is, however, very different from the question what
another must do or not do. And there are always many
complex questions related to these problems.

Even when we have to do with apparently identical
questions, very different replies are obtained; this depends
on the way such questions are approached. When we have
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to do with apparently completely different questions,
which often are only different facets of the same problem,
very similar answers are sometimes obtained. Summariz-
ing, I do not think that the uncertainty principle has a
direct relationship to the concept of liberty. The relation
is rather indirect; the introduction of uncertainty into
physics has put us on guard against taking too definite a
position.

Giacomo Devoto

Before addressing two questions to Professor Heisen-
berg, I will take the liberty of making a very brief com-
ment on the discussion which has taken place up to now.

1. The relationships to philosophy: It is a very differ-
ent thing to say that the progress of physics has repercus-
sions on philosophy and that the progress of physics has
given a new aspect to the relationship between science and
philosophy. In the first case, we must never forget that
philosophy is something that precedes science. For cen-
turies it oscillated between a realistic and idealistic vision
of the world. The discoveries of science can influence it in
one direction or another, but they are never decisive.

2. I associate myself with Professor Heisenberg’s
point of view about the concept of liberty. Defining moral
liberty by basing it on the uncertainty principle is as
absurd as saying: since we cannot put all men into one
prison or compel them to live in the same manner from
morning till night, we may as well acknowledge their
liberty.

Since the uncertainty principle means only one thing—
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man and science are not in a position to photograph na-
ture down to its last details—it is ridiculous to try find
in it a basis for liberty. A definition of liberty cannot be
based on a phenomenon of inability.

I now come to the two questions to Professor Heisen-
berg that I have already announced.

Since the passage of science from the nineteenth to the
twentieth century does not imply a change in philosophical
position, is he willing to limit it to a change in definitions?

Up to the nineteenth century, science hoped or pre-

tended to photograph nature. The science of the twentieth
century limits itself to describing it. The science of the
twentieth century is a language. Being a language, it must
arouse the same problems that present themselves in the
study of a language. And the fundamental question is
the following: In physics there is the relationship between
physical facts and mathematical interpretation; in the
study of languages, what is there? On the one hand there
is historical observation, the history of languages; on the
other, the pedagogic application by the grammarian, who
tries to establish and describe the conventions that every-
one observes in a linguistic context,

Now the second question I ask Professor Heisenberg is
the following: Does he accept my suggestion to set up a
parallel between physics and the history of languages, of
that language which is the new science of which the
mathematician is only the grammarian? I know that this
definition does not please the mathematician; but never-
theless this is one way of putting the question and above
all of ending the discussion between those who believe
we can describe facts mathematically and those who do
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not. Mathematics is a way of describing physical phenom-
ena, just as the rules of grammar are a way of describiag
a language but are not the language.

Heisenberg

In broad outline I perfectly agree with what you state.
It is really possible to say, when recapitulating, that the
nineteenth century attempted to photograph nature, while
the twenticth century describes nature in a mathematical
language. The physicist, however, has realized that, when
he believed he was photographing, he was not always
doing so.

The physicist in the nineteenth century did not have to
discuss philosophy or religion. It was even believed that
these doctrines could be kept completely aside and that it
would thus be possible to achieve what Professor Devoto
calls “a photograph of nature.” But it was found that this
point of view could not be confirmed experimentally, and
very often, when atomic physicists try to photograph
nature, they alter its character,

Furthermore, it is observed that the physics of quanta,
where uncertainty intervenes, must always be based on de-
terministic physics. It is hardly possible to do otherwise,
and it seems that indeterminateness brings a correction to
classical, deterministic physics.

I think it would undoubtedly be useful to study more
closely and develop this problem of parallelism between
science and language, but I will not do so here. I believe
that Professor Devoto is more qualified to attempt it, and
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perhaps he has already done so. However, we must not for-
get that the sciences are “between” nature and man.

Ellen Juhrnke

I would like to know the reactions of Professor Heisen-
berg to the idea of Professor Victor von Weizsicker (ex-
pressed in his book on creation) that all objective laws of
nature already exist, without any contribution by man.
The complicated researches by physicists would merely
allow them to read as an open book, so to speak, the ob-
jective laws governing the organization of nature.

Professor Max Hartmann has said something similar
from the standpoint of biology. Starting from the fact that
what is called Planck’s quantum of action, or the univer-
sal constant, is found in mathematical formulae of both
the planetary system and the smallest elements of the
atoms, he deduces the necessity of a conscious creation
by a creator. Among many others, the English philosopher
Tomlin presents parallel ideas in his metaphysics, or more
precisely, metabiology; and Max Planck has declared,
speaking as a philosopher: “Only those who think by
halves become atheists, those who go deep with their
thoughts and see the marvelous relationships among uni-
versal laws recognize a creative power.” Or again: “For
religion, the idea of God is at the beginning; for science
the idea of God is at the end.” Is it not an extraordinary
thing to see such syntheses being outlined in our atomic
and atomized era? My question, therefore, is: What is the
opinion of Professor Heisenberg regarding this synthesis
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between religion and metaphysics and the objectivity of
the laws of nature?

Heisenberg

To the first question I reply: The aim of the physicists
of the nineteenth and twentieth centuries has certainly re-
mained the same, that is, to find descriptions and objective
laws of nature. The difference is that the physicists of the
twentieth century have realized that this is not always
possible. This difficulty is due to the fact that we are
obliged to use a human language for this description. It
is evident that, to a certain extent, nature exists inde-
pendently of man. As Karl von Weizsicker has said, “Na-
ture existed before man.” That is to say, nature certainly
existed before man existed, but if nature existed before
man, it is not the same as the natural sciences. For ex-
ample, the concept of “the law of nature” cannot be com-
pletely objective, the word “law” being a purely human
principle.

To reply to the second question, concerning the rela-
tionship between religion and science, I would like to cite
some ideas of Goethe. In his theory of colors, in particu-
lar, Goethe had recognized a certain coherence in the
natural orders. He attempted to classify them and placed
at the bottom of the scale that which is due purely to
chance, then the purely mechanical relationships, then
physics, chemistry, biology, psychology and at the top reli-
gion, neverthcless realizing that this division was neither
exact nor rigorous. The physicists of the twentieth century
have become more modest, because they are not certain
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that it is possible to pass from one field, in which they be-
lieve they understand the laws and phenomena, to another
which should be adjacent. For example, it is the quantum
theory that established the relationship between physics and
chemistry, which at one time were completely separate. But
when this step was taken, it was realized that it was neces-
sary to change language and to change the orientation of
numerous problems. If this passage from physics to chem-
istry, which are adjacent, is obviously rather difficult, the
passage from chemistry to biology will be much more so,
and that from biology to psychology will be even more
delicate, to say nothing of the passage to religion. The
physicists of today realize that the knowledge of the laws in
one field will not necessarily permit the passage to another
field.

René Schaerer

I shall now ask a first question. A moment ago the name
of Descartes was mentioned. I would like to ask Professor
Heisenberg why, while passing from today to Aristotle,
then to Plato or Democritus, he did not even mention
Descartes. Descartes is the thinker who more than any
other has made his influence felt today. He dominates phi-
losophy, modern science; he is the first great modern phi-
losopher. The whole history of modern philosophy is
generally dated from Descartes; and I note that a thinker
as curious about the past as Heisenberg seems to ignore
Descartes. Has he any particular reason?

I now pass to the second observation which I feel
obliged to make. It seems to me suggestive and curious
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(I do not believe that it is accidental) that the thinkers to
whom Professor Heisenberg refers, first Kant, then Aris-
totle and Plato, are thinkers who, in their system, assign
an important part to finality. Because in the final analysis
the elementary geometrical particles of Plato are only the
projections of preconceived ideas, known by intuition and
all finalized to the good. The “potentia™ of Aristotle, which
seems to me very different from the uncertainty of Heisen-
berg (I follow Professor Heisenberg with some difficulty
on this point), this potentia is authentically finalized di-
rectly. In compensation Professor Heisenberg excludes
Democritus, who rejects finality and admits pure mecha-
nism. He does not say anything about Descartes, who is a
mechanistic thinker. I therefore permit myself to ask Pro-
fessor Heisenberg the following question: Can we conclude
from this that he tends to admit that there exists a finality,
beyond that mechanism known statistically with greater
or lesser probability, and that he is therefore in agreement
with his great masters, Aristotle and Plato?

Heisenberg

Descartes is certainly at the basis of all present-day
philosophy of science, but at the same time he is somewhat
at a crossroads. At present it is thought that Descartes was
too peremptory in his concepts. It could be said that
Descartes’ manner of viewing seems comparable to a ten-
nis match, where the ball passes with precision from one
court to another, while the manner of thought of a Thomas
Aquinas, on the other hand, resembles a game of football,
where the whole field is in motion and moves as a whole.

7
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I am furthermore adding a few words on finality. It is
evident that, since Newton, causality has served as point of
departure. This means that it was thought possible to de-
termine the state of an object or a system, as it will present
itself in the future, starting from its previous properties.
But, although finality has undergone a slight mitigation in
the quantum theory, something of it remains. It follows
clearly, in particular from the study of wave mechanics,
which explains nearly the whole of chemistry, that a large
part of finality survives in an indeterministic concept. If
an atom or molecule is disturbed in whatever manner,
it will be found after the disturbance that millions of dif-
ferent states are possible, each with a certain probability.
But, if I start with a hydrogen atom, I can agitate it in
any manner I like and it will always remain hydrogen (as
chemical element). This is the characteristic of finality that
chemistry brings to physics. The fact that a disturbed hy-
drogen atom remains hydrogen implies a finality, but a
finality of which the causality is not known. In short, this is
the fusion of causality and finality that constitutes the basis
of modern physics.

René Schaerer

Now I do not understand why, despite his materialism,
you are not nearer to Democritus than to Aristotle. I find
that you are rather far from Aristotle, as what you have
said corresponds rather closely to the idea of Democritus
that the atoms undergo or perform a disordered dance in
the infinity of time with infinitely variable velocities. An
atom, however, always remains an atom, and here is found
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the kind of very diminished finality of which you have
spoken. On the other hand, I do not see any analogy be-
tween the theories developed by you and those of Aristotle.
The fact that Democritus is a materialist is not very seri-
ous, because this is not the essential, but I find that there
are in your system one or two points that seem to come
very close to Democritus. Does not the principle of un-
certainty perhaps correspond to what Democritus simply
called the chance of the game of the atomic dances? And
does not what you have just said of the permanence of
the hydrogen atom perhaps correspond to what Democritus
said about the permanence of each atom, as the atoms
cannot be smashed or cut or transformed in any manner?
-Ifind you nearer to Democritus and further from Aristotle
than you say.

Heisenberg

I resume with some further details of the example of the
hydrogen atom. When a simple hydrogen atom is con-
sidered and its collision with an electron is studied, a dis-
turbance in the hydrogen atom is observed. The classical
physicists believed this collision occurred in a completely
analogous manner to that which would have been pro-
duced between a planet and comet. In more modern physics
the result of this collision is nevertheless not completely
predictable, even though it depends on the initial condi-
tions. There exists one probability of finding an electron
in the excited hydrogen atom, another of finding the
nucleus deprived of its electron. And these probabilities are
fixed and cannot be modified. The hydrogen atom that is
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found after the collision is, however, no longer exactly
what it was before. It is in fact known that, when an inter-
action contains enough energy, there exists the probability
that the hydrogen is not found again, but instead some-
thing completely different is found. Several different cases
are possible, and these cases are connected among them-
selves by relations of probability. In fact, what is thus
found as a result of an interaction, of any action, is not al-
ways objects, but forms—forms of that emergy which is
the fundamental basic material of modern physics, capable
of taking different forms in which we recognize objects.

Umberto Campagnolo

I am wondering whether a physicist can really speak as
philosopher and if his considerations will have the preci-
sion that a philosopher must observe in his subject.

I believe that there lies the chief danger of the discussion
of which is to be ascribed, at least from appearances, to
the bringing together of scientists and philosophers. The
problem a philosopher puts to himself is always of a radi-
cally different nature from that which the scientist puts to
himself. The scientists assume that there is always the
possibility of arriving at quantity and measurement, at
calculations and equations. The philosophers, on the con-
trary, seek categories and try to link them by means of a
process that, if you allow me to use the word, has nothing
in common with that of science, that is, by dialectics.

Concluding, I think that we would have much to gain in
our discussions by eliminating here the references to phi-
losophy, because philosophical thought is very different
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from scientific thought. Scientists often tend to imagine
philosophy as an extension of science, as a general way
of considering their problem from a particular point of
view. But I believe that they deceive themselves; it is the
philosophers who are and remain responsible for phi-
losophy.

Heisenberg

I completely agree with this way of posing the problem,
but I ask Professor Campagnolo if Plato’s theory, accord-
ing to which the ultimate particles of “earth” are cubes
and those of “fire” tetrahedrons, is philosophy or science?

Campagnolo

It is possible that Plato used certain ideas of an empiri-
cal, poetic character to deify his concepts. At the begin-
ning and end of his life Plato perhaps approached a poetic
vision of the world. But in any case poetry is much nearer
to science than is philosophy. It is for this reason that I
would not object if a scientist considered Lucretius a poet
rather than philosopher. If we examine the considerations
of Plato on the world, we can be certain that he was far
from modern physics and its requirements of equations and
numbers. Plato always remains in the field of quality; that
of quantity is still foreign to him,

Heisenberg

It is evident that the passage from science to philosophy
has given rise to a great many misunderstandings. But I
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do not believe that it would be useful to try to separate
the two fields absolutely and say: Here it is the man of sci-
ence who is competent, there the philosopher. On the con-
trary, I believe that it is useful to let the man of science
talk philosophy, and the philosopher sometimes science,
even at the risk of creating new misunderstandings. The re-
sult can be so useful that it is worth running this risk,

Daniel Christoff

The questions that I would like to address to Professor
Heisenberg refer to the need of a man of science to adopt
philosophical terms which have been defined and dis-
cussed at length for a long time.

The first question refers to the “mathematical structure
of elementary particles” taken from Plato. I wonder if,
taken as a structure of “ideas,” it represents an a priori?
In asking that question I am basing myself on Professor
Heisenberg’s allusion to the Kantian elements contained in
the new theory. What is really a priori? Is it the structure
of these ideas or the idea of the structure itself?

Heisenberg

These mathematical expressions by means of which we
represent particles or phenomena certainly are not a priori;
but this does not prevent the inclusion of a priori concepts
in physics. For example, I can imagine a space in which
there are no objects, but I cannot prevent myself from
thinking that there is a space. It is in this manner that the
concept of space becomes a priori.
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The same can be said of the figures of Plato. Not even
here is there an a priori, in the sense that Plato would
have been able to think that the fundamental elements of
‘“earth” are not cubic but, for example, spherical. Since he
could have thought of either a cube or a sphere, there is
no absolute a priori.

Physicists who deal with the quantum theory are also
compelled to use a language taken from ordinary life. We
act as if there really were such a thing as an electric cur-
rent, because, if we forbade all physicists to speak of
electric current, they could no longer express their
thoughts, they could no longer speak, they would be com-
pletely sterile. I consequently believe that it is necessary
to take up certain a priori forms of classical language, even
though their value has perhaps somewhat changed.

Daniel Christoff

May I be allowed to ask another question, which seems
to me of very great importance because it is at the center
of the questions dealt with by Professor Heisenberg.

He has stated that there exists a relationship between
the concept of probability and Aristotle’s concept of “po-
tentia.” Does this then perhaps mean that everything in
the world is virtuality? A virtuality that no doubt fulfills it-
self constantly but never completely. Because, in correla-
tion with this concept of particles, I am searching for the
“act.” Is it to be understood that the act is energy? But
then, is it not the concrete act that forms each object?
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Heisenberg

This is a very difficult problem to deal with. When we
consider an electromagnetic wave or a luminous ray that
falls on a photographic plate, this luminous wave is the
condition that, according to a certain probability, some-
thing happens that answers the question: Will a grain of
silver form on this plate? The act is the appearance of the
grain of silver; and the luminous wave is the “potentia.”
“Act” and “potentia” are thus closely connected and, when
the incidence of the luminous wave in the act is sought,
that is, the grain of silver, this appears as a priori. In classi-
cal physics, where the phenomena are objective, the tradi-
tional language of physics can be used, that is, the language
of every day. In modern physics, however, the mathemati-
cal structures that are met with indicate the probability
of a phenomenon and not the phenomenon itself. And, in
this sense, in classical physics, it is the act which is soight
in the phenomenon whlle “potentla" is to be correlated
“with the mathematical structures.

Daniel Christoff

Can it be said that this “potentia” has a profound
origin?
Heisenberg

To a certain extent, yes,



Chapter 3

Our Image of Matter!

IRWIN SCHRODINGER

1. The crisis—a preview

THE TITLE OF THIS lecture was suggested to me (in its
French version) by the Committee. I accepted it gladly.
However, before I attempt to do justice to it as well as
I can, there are two things that I must say in advance. In
the first place, the physicist can today no longer make a
significant distinction between matter and anything else
in his field of research. We no longer consider forces and
fields of force as different from matter; we know that these
concepts must be merged into one. To be sure, we say
that an area of space is free of matter; we call it empty,
if there is nothing present except a gravitational field.
However, this is not found in reality, because even far out

1 L ecture presented September 4, 1952.
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in the universe there is starlight, and that is matter. Further-
more, according to Einstein, gravity and mass are anal-
ogous and therefore not separable from each other. Our
subject today is therefore the collective image that physics
has of spatiotemporal reality.

The second point is: This image of material reality is
today more unsettled and uncertain than it has been for a
long time. We know a great many interesting details; every
week we learn new ones. However, to pick out from the
basic concepts those that have been established as fact
and to construct from them a clear and easily understood
framework of which we could say: this is certainly so,
this we all believe today, is impossible. There is a wide-~
spread hypothesis that an objective image of reality in
any previously believed interpretation cannot exist. Only
the optimists among us (and I consider myself one of
them) consider this a philosophical eccentricity, a desper-
ate measure in the face of a great crisis. We hope that the
vacillation of concepts and opinions signifies only an in-
tense process of transformation, which will finally lead to
something better than the confused series of formulas that
today surround our subject.

It is for me—but also for you, my respected listeners—
most annoying that the image of matter that I am expected
to build before you does not yet exist, that there are only
bare fragments of a more or less partial factual value. A

consequence of this is that in this kind of narrative we
cannot avoid contradicting at a later point what was said
earlier. This is somewhat like Cervantes, who allows San-
cho Panza to lose his beloved small donkey on which he
is riding, but a few chapters later has forgotten this, so
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that the good animal is again with us. In order to avoid
a similar reproach, I want to draw up a plan of campaign.
I shall report later how Max Planck discovered, over
fifty years ago, that energy can be transmitted only in in~’
divisible amounts of definite size—the quanta. Since, how-
ever, Einstein soon afterwards proved the identity of
energy and mass, we are obliged to say to ourselves that
the smallest particles of matter, the atoms or corpuscles,
which we have known for a very long time and whose
existence is demonstrated today in many elegant experi-
ments in a perfectly “palpable” manner, are just quanta
of energy and, so to speak, predate Planck’s discovery by
more than two thousand years. Because of this it seems
even more secure. Here a side glance will be offered on
the enormous significance of this discreteness or count-
ability of all that exists and happens; only thus can Boltz-
mann’s famous statistical theory of the irreversible course
of nature really be feasible and clearly understandable.
All this is well and good and certainly contains a great
deal of truth. But then Sancho Panza’s donkey will return
—after more than two thousand years. For I must ask you
to believe neither that corpuscles are individuals stable in
time nor that the transfer of a quantum of energy from
one carrier to another takes place in distinct steps. Dis-
creteness is no doubt involved, but not in the traditional
sense of discrete individual particles and certainly not as
a discontinuous event, For this would contradict experi-
ence from another quarter. The discreteness originates
merely as a construct from the laws that govern events.
These are still by no means completely understood; but a
probably pertinent analogy from the physics of tangible
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bodies is the manner in which the individual partial tones
of a bell result from the finite form of the bell and the laws

of elasticity, with which no discontinuity is really con-
nected.

2. Some observations on corpuscles

Let us now begin. The view, already advocated by
Leucippus and Democritus in the fifth century B.c., that
matter is built up of very small particles, which they called
atoms, assumed at the turn of the last century a very defi-
nite form as the corpuscular theory of matter, entering
into interesting details, which became continually clearer
and more established during the first decade. Just to out-
line briefly the fine and fundamentally important individual
discoveries made along the way would require two- hours
of your attention. )

The beginning was made by chemistry. Even today there
are those who are haunted by the idea that chemistry is
the sole and original domain of “atom” and ‘“molecule.”
From the very hypothetical, somewhat anemic role they
played there—the school of Ostwald rejected them flatly—
they were for the first time raised to physical reality in
the gas theory of Maxwell and Boltzmann. In a gas, these
particles are separated by wide spaces, but they are in
vigorous motion, they collide again and again, are repelled
from each other, and so forth. An accurate pursuit of these
processes in thought led first to a full understanding of all
properties of the gases, elastic and thermal properties, in-
ternal friction, thermal conductivity and diffusion, but at
the same time to a firm basis for the mechanical theory of
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heat as a movement of these very small particles, which
continually becomes more vigorous with increasing tem-
perature. If this is true, then small bodies that are just visi-
ble under the microscope must also be kept in continuous
motion by the impact of surrounding molecules, and this
motion must increase with rising temperature. This motion
of small suspended particles was discovered by Robert
Brown (a London physician) as early as 1827, but only in
1905 did Einstein and Smoluchowsky show that it con-
forms quantitatively to expectations.

In this fruitful period, approximately ten years before
and after the turn of the century, so much that was closely
related to our subject occurred that it will be difficult to
keep it simultaneously in view. Roentgen rays—*“light” of
very short wave length—and cathode rays—streams of
negatively charged particles, the electrons—were dis-
covered. There was the radioactive disintegration of atoms
and the radiations emitted during this process—partly
streams of particles, precisely those during whose spon-
taneous emission from the bonding of the atomic nucleus
the transformation of one atom into another takes place,
and partly “light” of even shorter wave length, which
originates during this process. All particles carry an elec-
tric charge; the charge is always the very small electrie
unit charge, measured directly by Millikan, or nearly
exactly double or three times it. The mass of these parti-
cles could also be measured very accurately, as could that
of the atoms themselves.

The determination of the mass of the atoms, so-called
mass spectrography, was carried to such fantastic precision
by Aston at Cambridge that he was able to answer in the
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negative a very old question with absolute certainty: they
are not whole-number multiples of a very small unit. In
spite of this, we must imagine these, or more precisely, the
heavy but very small positively charged atomic nuclei—
the surrounding negative electrons weigh almost nothing—
as built up of a2 number of hydrogen nuclei (protons), of
which of course about half have lost their positive unit
charge (neutrons). In a normal carbon atom there are,

for example, 6 protons and 6 neutrons. It weighs, in a
unit convenient for the comparison

Carbon atom 12.00053

* ..
compared (Proton 1.00758 =
with } Neutron 1.00898 = . .
The unit is (1.6603 =....... ) 10-24 gram; this, how-

ever, does not interest us for the moment. How do we
explain the “mass defect,” which in our example amounts
to almost a tenth of a unit? By the heat of binding, which
is liberated during the combination of these twelve parti-
cles and which is enormously greater in such “nuclear
reactions” than in the well-known chemical reactions. In
other words, the system loses potential energy, as the
twelve particles yield to the energy of attraction by which
they are held closely together afterwards. According to
Einstein, as already mentioned above, this loss of energy
signifies a loss of mass. This is called the packing effect.
Moreover, the forces are of course not electric ones—
these are indeed repellent—but so-called nuclear forces,
which are much stronger but act only at very small dis-
tances (about 10-*? cm.).
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3. Wave field and particle: their experimental
demonstration

Here you catch me in a contradiction, because I said at
the very beginping that today we no longer assume that
forces and fields of force are something different from
matter. I could easily excuse myself by saying: the field
of force of a particle is calculated with the particle. But
it is not so. The proved opinion today is rather that every-
thing—really everything—is simultaneously particle and
field. Everything has the continuous structure that is
familiar to us from the field, as well as the discrete struc-
ture familiar to us from the particle. Expressed so gen-
erally, this recognition contains certainly a great deal of
truth. For it is based on innumerable experimental data.
Opinions vary as to details, and of this we shall speak
later. .

Moreover in the particular case of the field of nuclear
force, the particle structure is already fairly well known.
The so-called =-mesons, which appear among others dur-
ing the destruction of an atomic nucleus and which clearly
leave behind separate tracks in a photographic emulsion,
very probably correspond to it. The nuclear particles
themselves, the nucleons—the name under which protons
and neutrons are lumped together—which we have been
brought up to consider as discrete particles, for their part
produce interference patterns in other experiments, when
a great many of them are driven against a crystal surface.
These patterns leave no doubt that the nucleons also have
a continuous wave structure. The difficulty, which is equal
in all cases, of combining these two widely different char-
acteristics in one mental picture is still today the major
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obstacle that makes our image of matter so variable and
uncertain.

However, neither the concept of particles nor that of
waves is hypothetical. I mentioned in passing the tracks in
the photographic emulsion, each indicating the path of a
single particle. Known even longer are the tracks in the so-
called cloud chamber of C.T.R. Wilson. From these tracks
we can observe exceptionally diverse and interesting de-
tails regarding the behavior of the single particles, and
we can measure them. The bending of their paths in a
magnetic field (because they are electrically charged); the
mechanical laws in a collision, which takes place approxi-
mately as in the case of ideal billiard balls; the destruc-
tion of a larger atomic nucleus by means of a direct hit
by one of those “cosmic” particles that come from the
universe, to be sure in small numbers, but with a tremen-
dous impetus of the single particle, often several million
times greater than otherwise observed or artificially pro-
duced. There have been efforts in recent times to achieve
this at the cost of enormous expenditure, chiefly financed
by defense ministries. To be sure it is not possible to
shoot anyone with such glancing particles, otherwise we
would all now be dead. This study, however, indirectly
promises the stepped-up realization of the plan to exter-
minate mankind, which is close to all our hearts.

It is perhaps as well to say that these interesting observa-
tions on single articles, which I cannot wholly describe in
my short résumé, can be made only on very rapidly mov-
ing particles. The method of the tracks is moreover not
the only one. You can easily try out the oldest method
yourself, if, one evening in the dark after having got used
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to the darkness, you examine a luminous number of your
wrist watch with a magnifying glass. You will find that it is
not uniformly bright, but that it surges and undulates just
as the sea often sparkles in the sun. Each scintillating flash
is produced by a so-called alpha particle (helium nucleus)
emitted by a radioactive atom, which at the same time is
transmuted into another one. And this continues in the
same manner for a great many years—in a good Swiss
watch. Another much used apparatus for the study of
cosmic rays is the Geiger-Miiller counter which “answers”
when it is struck by a single active particle. This is very
valuable. Today it is possible with quite familiar methods
to amplify this “answer” in such a way that it can release
the mechanism of a cloud chamber and the shutter of a
camera trained on it at precisely the moment when there is
something interesting to photograph in the chamber. This
is an important use for these chambers but not the only
one. Fifty or more of them are often built in a single
apparatus in a complex circuit.

So much for the observation of single particles. Now for
the continuous field or wave characteristic. The wave
structures of visible light is rather crude (wave length
about two-thousandths of a millimeter). It has been very
thoroughly investigated for more than a century by means
of the effects that occur when two or more or a great many
waves cross: diffraction and interference phenomena. The
most elegant means for the analysis and measurement of
light waves is the diffraction grating, an immense number
of fine parallel lines, cut at small equal intervals on a
metal mirror, on which light impinging from one direc-
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tion is scattered and recombined in various directions,
depending on its wave length.

For the much, much shorter waves of the roentgen spec-
trum, as well as for “waves of matter”—high velocity
streams of particles—the finest diffraction gratings we can
cut are somewhat coarse. In the year 1912 Max von Laue
discovered the instrument that has since made possible the
exact analysis of all these waves, discovered it in naturally
grown crystals. This discovery was invaluable, unique
of its kind. Not only does it reveal the structure of the
crystal—a highly regular arrangement of atoms with the
same groups repeated a countless number of times, each
at equal intervals in three directions, “length,” “width”
and “height”—but this discovery was one with the use of
the periodic fine structure of the crystal for the analysis of
waves in place of the diffraction grating. And of course
remember this: the natural structure of the crystal comes
to our aid exactly at the point where it, that is, the crys-
talline structure of matter, makes all precision techniques
impossible. It would be impossible to cut gratings of such
fineness, because the “material” is too coarse. With these
crystal gratings the wave nature of roentgen rays was
first established and their wave length measured, and later
that of the waves of matter, especially electron streams,
but also streams of other particles such as neutrons and
protons.

4. The quantum theory: Planck, Bohr, de Broglie

I have now told you many things about the structure
of matter, but we have not yet spoken of Max Planck
and his quantum theory. Everything I have reported so far
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could very well have taken place even without it. How
then did it happen? What is this quantum theory all about?
I shall not relate the exact historical events, but instead
tell you how the matter seems to us today.

Planck tells us in 1900—and the essentials are still
true today—that he can understand radiation from red-
hot iron or a white-hot star, for example the sun, only if
this radiation is produced in portions and is transferred
from one carrier to another (for example, from atom to
atom) in portions. This was astonishing, because this
radiation involves energy, which was originally a highly
abstract concept, a measure of the reciprocal action or
effective action of these very small carriers. The partition

.into definite portions was highly surprising not only to
us, but also to Planck. Five years later Einstein told us
that energy possesses mass and that mass is energy, that
they are one and the same—and this too has remained
true to the present day. Thus our eyes were opened: our
dear familiar atoms, corpuscles, particles are Planckian
energy quanta. The carriers of these quanta are them-
selves quanta. It makes your head turn. We realize that
here is something fundamental that is still not understood.
As a matter of fact, our eyes were not opened suddenly.
It took twenty or thirty years. And perhaps they are not
altogether open even today.

The direct consequence was less far-reaching but still
important enough. In 1913 by means of an ingenious and
obvious generalization of Planck’s statement Niels Bohr
taught us to understand the line spectra of atoms and
molecules and simultaneously the construction of these
particles from heavy, positively charged nuclei and light
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electrons circling around them, each of them carrying a
unit negative charge. I must here shirk a detailed explana-
tion of this important transition stage in our knowledge.
The fundamental idea is that each of these small systems
—atom or molecule—can harbor only definite, discrete
quantities of energy corresponding to its nature or struc-
ture; that during a transition from a higher to a lower
“level of energy” it emits the excess as a radiation quan-
tum of quite definite wave length, which is inversely pro-
portional to the quantum given up (this was already in-
cluded in Planck’s original hypothesis).

This implies then that a2 quantum of a given amount
manifests itself in a periodic process of quite definite
frequency, which is directly proportional to the quantum
(the frequency is equal to the energy quantum, divided by
Planck’s famous constant h). The really quite obvious
deduction, that with a particle mass m, which according
to Einstein has an energy mc? (where ¢ = the velocity of
light), there must be associated a wave process of fre-
quency _mhi was first drawn by L. de Broglie in the
year 1925, first for the mass m of the electron. Only a
few years after this famous doctoral thesis of de Broglie,
the theoretical “electron waves” required in his postulate
were experimentally demonstrated, in the manner I have
already discussed. This was the point of departure for
the early recognition, also already mentioned, that every-
thing—really everything—is both particle and wave field.
Because it is true, isn’t it, that, when we hear of a particle
of mass m, we will connect with it a wave field of fre-
quency_ﬁg-’_. And when we encounter a wave field of
frequency v (ou), we link with it energy quanta hy or,
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what is the same thing, mass quanta . Thus de
Broglie’s dissertation was the point of departure for the
complete uncertainty of our conception of matter. In the
image of both particles and waves there are elements of
truth which we must not abandon. But we do not know
how to combine them.

5. Wave field and particle: their theoretical relationship

The relationship of the two images in general is known
with great clarity and in suprising detail, No one doubts its
correctness and general validity. With regard to the com-
bination into a single, concrete, obvious image, opinions
are so divided that many consider it entirely impossible. I
will now briefly outline the relationship. Do not count on
forming a uniform, concrete picture; and do not blame my
lack of skill in representation nor your own slowness in
understanding for your failure—for up to now no one
has been successful.

In a wave, two things are distinguishable: first the
wave surfaces, which form something like a system of
onion skins except that they spread out in a direction
perpendicular to the skin (i.e., to themselves). The anal-
ogy in two (instead of three) dimensions is well known
to you in the form of the beautiful circles of waves pro-
duced by a stone thrown into a pool. The second, less
evident, are those imaginary lines perpendicular to the
wave surfaces in the direction of which the wave pro-
gresses at that point, the wave normals, which are also
called rays—to use for all types of waves an expression
familiar in the case of light,

Here I hesitate. For what I want and have to say now
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is certainly important and fundamental, indeed it is even
correct, but in a sense that we shall have to restrict so
much that it almost contradicts the provisional assertion.
This provisional assertion is: These wave normals or rays
correspond to the particle paths. If you cut a small piece
from the wave, about 10 or 20 waves in the line of propa-
gation, and about as big a piece perpendicular to it and
destroy (“calm”) the rest of the wave, then such a “wave
packet” really moves along a ray with exactly the veloc-
ity, or at any rate the change of velocity, that is to be
expected from a particle of the type in question at the
point in question, having regard to any fields of force
present.

Even if, in the wave packet or the wave group, we
get a sort of clear picture for the particle, which we can
work out in many details (e.g., the impulse of the particle
increases as the wave length decreases; the two are
exactly inversely proportional)—nevertheless, for many
reasons, we must not take this clear image quite seri-
ously. In the first place it is really somewhat blurred, and
the longer the wave length the more blurred it is. Second,
there is often not a small packet but an extended wave.
Finally, there can be very small “packets” of such a
structure that there can be no question of wave surfaces
or wave normals—an important case to which I shall
return immediately.

The following interpretation seems to me appropriate
and representative, because it is extensively supported
by experiment: at each point of a regularly progressing
wave train there is a twofold structural relationship of
effects, which it is possible to differentiate as “longitudi-
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nal” and “transverse.” The transverse structure is that of
the wave surfaces and comes to light in experiments on
diffraction and interference; the longitudinal structure is
that of wave normals and manifests itself in the observa-
tion of single particles. Both have been proved convinc-
ingly by ingenious experimental designs, each carefully
thought out for its special purpose.

All these concepts of longitudinal and perpendicular
structure are not exact and absolute because those of the
wave surfaces and wave normals are not. They are neces-
sarily lost when the whole wave phenomenon is limited
to a small space by the measurement of a single or very
few wave lengths. This case is then of very special inter-
.est, above all for those waves that, according to de Bro-
glie, constitute the “second nature” of the electron. For
them it turns out that this case must occur in the vicinity
of a positively charged atomic nucleus so that the wave
phenomenon, a kind of stationary vibration, shrinks into
a small space for which the real atomic size is found very
exactly by calculation.

This size was in fact already fairly well known in an-
other manner. Stationary water waves of a similar type
can be produced in a small washbasin by splashing fairly
regularly in the middle with a finger or even by giving
the whole basin a slight jolt, so that the water surface
rolls to and fro. Here the waves are no longer regularly
distrbuted; but what attracts attention are the natural
frequencies of these stationary vibrations, which you also
observed quite well in the washbasin. For the wave group
acting around the atomic pucleus, we can calculate these
frequencies, and they are generally found to be exactly
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equal to the “energy level” of Bohr’s theory (which I
mentioned briefly earlier) divided by Planck’s constant h.
The ingenious but nevertheless somewhat artificial as-
sumptions of that theory, as well as those of the older
quantum theory, are replaced by a much more natural
assumption in de Broglie’s wave phenomena. The wave
phenomenon forms the real “body” of the atom. It re-
places the individual punctiform electrons, which in Bohr’s
model swarm around the nucleus. In no case can we
admit the existence of such punctiform particles within
the atom, and if we still think of the nucleus as such, this
is an entirely conscious expedient.

Regarding the discovery that the “energy levels” are
really only the frequencies of fundamental vibrations, the
point that seems to me particularly important is that we
can renounce the postulation of a stepwise transition, be-
cause two or more natural vibrations can quite readily be
excited simultaneously. The discreteness of the natural
frequencies suffices completely, as I at least believe, to
support the considerations from which Planck started
and many similar just as important ones—I mean, in a
word, to support the whole of quantum thermodynamics.

6. Quantum steps and identity of particles

The abandonment of the theory of quantum steps,
which to me personally seems more inadmissible from
year to year, has, I admit, important consequences. It
really means that the exchange of energy in definitely
limited packets is not taken seriously, is not really be-
lieved, and is instead replaced by the resonance between
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vibration frequencies. We have seen, however, that, be-
cause of the identity of mass and energy, we must con-
sider the particles themselves as Planckian energy quanta,
This is frightening at first. For, with this disbelief, we
must also not consider the single particles as a well-
defined permanent reality.

There are many other reasons to support the fact that
it is not so in reality. In the first place properties have long
been attributed to such a particle which contradicts it.
From the above fleeting picture of the “wave packet,” it is
easily possible to infer the famous Heisenberg uncertainty
principle, according to which a particle cannot simul-
taneously be at a specific place and have a clearly de-
termined velocity. Even if this uncertainty were small—
and it certainly is not—it follows from it that it is never
possible to observe the same particle twice with apo-
dictic certainty.

Another very sound reason to deny to the single par-
ticles an identifiable individuality is the following: When
we are dealing theoretically with two or more particles of
the same type, for example, with the two electrons of a
helium atom, we must efface their identity, otherwise the
results will simply be untrue and not agree with experi-
ence. We must count two situations which differ only by
an exchange of roles by the electrons not only as equal
—that would be obvious—but we must count them as one
and the same. If we count them as two equals, it becomes
nonsensical. This situation weighs heavily, because it is
valid for every kind of particle in whatever number with-
out exception and because it is directly contrary to every-
thing that was believed about them in classic atomic theory.
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The fact that the individual particle is not a well-defined
permanent object of determinable identity or individuality
is probably admitted by most theoreticians just as they
admit the reason described here for the complete inade-
quacy of this representation. Despite this, the single par-
ticle still plays a part in their representation, delibera-
tions, discussions and writings, and with this 1 cannot
agree. Even more deeply rooted is the idea of stepwise
transition, of “quantum steps,” at least according to
the words and modes of expression, which have become
permanently naturalized—of course in very careful tech-
nical language, the ordinary meaning of which is very
difficult to grasp.

The term “probability of transition” belongs to the
permanent vocabulary, for example. But surely we can
speak of the probability of an event only if we think that
it sometimes actually happens. And in this case, since
we refuse to recognize intermediate states, the transition
must of course be a sudden one. If it required time, it
might well be interrupted in the middle by an unforeseen
disturbance. We would then not know where we were.
The allegedly exact and fundamental concept would have
a gap. In this concept, moreover, probability plays an
overriding part. The delicate dilemma, wave versus par-
ticle, should resolve itself in such a manner that from the
wave field we could calculate merely the probability of
encountering a particle of definite properties at a definite
position, if we are looking for such a thing.

This interpretation might be quite in keeping with the
findings derived from very high-frequency waves (“‘ultra-
rapid particle streams”) with special ingeniously thought-
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out experimental designs. I mean those that I previously
cited as observations on single particles. In the tracks,
which are called particle paths, a longitudinal action rela-
tionship along the wave normals undoubtedly comes to
light. But such a relationship is altogether to be expected
in the propagation of a wave front. In any case we have
more chance of understanding it from the wave represen-
tation than, contrariwise, recognizing the transverse ac-
tion relationship of interference and diffraction from the
combined effects of discrete particles, if the reality of
waves is denied and we grant them only a kind of in-
formative role.

© 7. Wave identity

Real existence is a term undoubtedly almost hunted
down by many philosophical hounds, and its simple, naive
meaning has almost been lost to us. Therefore, I wish to
remind you here of something else. We have spoken of the
fact that a particle is not individual. The same particles
are really never observed twice, just as Heraclitus said of
the river. We cannot mark an electron—*“paint it red”—
and not only that, we cannot even think of them as
marked, otherwise false results are obtained by incorrect
“counting” step by step—for the structure of line spectra,
in thermodynamics, and many other cases.

In contrast, it is very easy to imprint an individual
structure on a wave so that it can be recognized again with
complete certainty. Think of light beacons at sea. Follow-
ing a definite code, each one has a definite prescribed light
sequence, for example, three seconds light, five seconds
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dark, one second light, again five seconds dark and then
light again for three seconds, etc. The sailor knows: That
is San Sebastian. Similarly for a whistling buoy; only in
this case there are sound waves. Or else: you telephone by
radiotelephone to a good friend in New York; as soon as
he says, “Hullo, hi, this is Edward Meier,” you know that
his voice has imprinted a structure on the radio wave
which has traveled five thousand miles to you and which
can be distinguished with certainty from any other. It is
not even necessary to go so far, If your wife calls from the
garden, “Frank,” it is entirely analogous, only in this case
they are merely sound waves. The journey is shorter but
takes a little longer. Our whole understanding of language
is based on imprinted individual wave structure. And
what an abundance of details in rapid succession is trans-
mitted to us by the motion picture or the television picture
by following the same principle!

Here we are of course dealing with relatively crude
wave structures, with which we should perhaps not com-
pare individual particles but rather the tangible bodies
surrounding us. And these have nearly all a very pro-
nounced individuality: my old pocket knife, my old felt
hat, Ziirich’s Miinster, etc. I have recognized them with
certainty a hundred times. But in a remarkable manner,
we find the characteristic that, in contrast to the case of
particles, we must ascribe individuality to wave phenom-
ena, in the case of elementary waves.

One example must suffice. A limited volume of helium
gas, for example, can be considered to consist of many
helium atoms or, instead, of a superimposition of ele-
mentary wave trains of waves of matter. Both points of
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view lead to the same results for the behavior of the gas on
warming, compression, etc. However, we must proceed
differently with certain rather intricate “counts,” which
have to be undertaken in both cases. If we form a mental
picture of the particles, that is, the helium atoms, as I have
already stated previously, we must not attribute individu-
ality to them. This originally seemed very surprising and
has led to lengthy controversies, which have, however,
long since been settled. On the other hand, in the second
manner of consideration, which, instead of particles, im-
agines wave trains of matter, each is accorded a specifiable
structure, different from that of any other. To be sure,
there exist many pairs, which are so similar to each other

_that they can exchange their parts, without our noticing
it from outside the body of gas. If we tried to count the
very many similar conditions that arise in this way as only
one, we would obtain something quite incorrect.

8. Conclusion

You may be surprised that despite everything I finally
have put forward, which in reality no one denies, the
closely related concepts of the quantum steps and the
individual particle have not disappeared either from the
vocabulary or from the imagination of the physicist. You
will find the explanation, if you consider that the interpre-
tation, which we ultimately reached and toward which we
steered in about the last third of my lecture of today,
invalidates or at least casts doubt on the real significance
of many details of the structure of matter that I put for-
ward in the first two-thirds. However, 1 was able to use—
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without unbearable verbosity I could not have helped
using—a language that I really do not consider appropri-
ate. How can we state the weight of a carbon nucleus and
a hydrogen nucleus to an accuracy of several decimal
places and establish that the former is slightly lighter than
the twelve hydrogen nuclei combined in it, if we do not
provisionally accept the point of view that these particles
are something quite concretely real? This is so much more
convenient and evident that we cannot abandon it, just as
the chemist cannot renounce his valence bonds, although
he knows quite well that they are a drastic simplification
of a quite involved wave-mechanical situation.

If you ask me: Now, really, what are these particles,
these atoms and molecules? I should have to admit that I
know as little about it as where Sancho Panza’s second
donkey came from. However, to say something, even if
not something momentous: They can at the most perhaps
be thought of as more or less temporary creations within
the wave field, whose structure and structural variety, in
the widest sense of the word, are so clearly and sharply
determined by means of wave laws as they recur always
in the same manner, that much takes place as if they were
a permanent material reality. The very exactly specifiable
mass and charge of the particles we must thus consider as
Gestalt elements determined by the wave laws. The conser-
vation of charges and mass on a large scale must be con-
sidered as a statistical effect, based on the “law of the large
numbers.”



Chapter 4

Reflections of a European Man

of Science’
MAX BORN

1. Introduction

WHEN I THOUGHT what I could say on physics in Europe
or on European physics to interest an audience of *“pon-
physicists,” I found myself confronted with an extremely
difficult task and I almost gave up the attempt. For the
natural sciences, and above all physics, are by their very
essence international. They cannot be bound by the limits
of particular countries or continents. There was only one
solution: to speak to you not of physics or its history—
the greater part of which has taken place in Europe—but
of the history of the world as seen by a physicist and of
the part played by Europe.

I shall use a method which we physicists have been re-

1 Lecture delivered September 5, 1957.
67
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proached for employing but which has given proof of re-
markable achievements in the realm of science. It is the
method of simplifying thought by stressing one aspect only
of the facts. I wish to see the varicolored image of history
through colored glasses which let through only one tone,
but a fundamental one; in this way one gains in clarity
what one loses in richness.

2. Energy, a historical factor

Let us examine Europe from the point of view of its tech-
nological evolution. I hold that it is essential to consider
the energy at the disposal of man as one of the prepon-
derant factors in the history of humanity, Thus one can
divide history into two great periods: the first extending
from Adam to the present, the second beginning in our time
and leading towards the future. The crucial moment is the
transition from the use of solar energy to the exploitation
of sources of energy of purely terrestrial origin. I consider
that the change which is taking place before our eyes is a
phenomenon of immeasurable significance which is in no
way comparable to anything that has happened up to to-
day. It is fitting that this evolution should be studied in
the setting of our European discussions, for it has been
principally a European phenomenon. I am going to demon-
strate this fact by first establishing the physicotechnical
bases which will provide a foundation for our under-
standing of the course of history.

On earth all energy is ultimately based on the processes
which take place’in the nucleus of the atom.,

Life is sustained on earth by the $un’s radiation, and
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this radiation is the expression of the energy produced by
the nuclear processes which are located in the sun.

Fifteen years ago or so, man had no energy at his
disposal except that of the sun, stored by the atmosphere
and the plants. From the point of view of emergy, man
was still in the first period of history. This period is
divided into three energy chapters which are clearly de-
fined: the first, from the most distant ages up to the fire-
arm; the second, from then up to the steam engine; and
the third up to the first atomic reactor in 1942, a critical .
year which marks the opening of a new era.

3. Structure of the atom and atomic energy

First of all I would like to examine the question briefly
from the point of view of physics. Today the general out-
lines of atomic theory are common knowledge. Everyone
knows that matter is composed of atoms with a diameter
measuring approximately one ten millionth of a milli-
meter. But it is a mistake that the atom should bear this
name, of Greek origin, because it is not indivisible. It is
made up of a very small nucleus charged with positive
electricity, and it is surrounded by a cloud of negative
electrons, to such a number that the whole is electrically
peutral. The mass of the electron is about 1,800 times
smaller than that of the lightest nucleus, namely, the
hydrogen nucleus. The latter is called the proton, and its
charge is the same, apart from its sign, as that of the
electron. The nuclei of other atoms are compact agglom-
erations of protons and neutrons; neutrons are uncharged
particles with 2 mass almost equal to that of the protons.
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These two types of particles are termed nucleons. Atoms
whose nuclei have the same number of protons possess an
identical cloud of electrons, and that is why they have a
similar external action, even if the number of neutrons
contained in their respective nuclei differs and their masses
are consequently different. These chemically identical
atoms are called isotopes; the chemical elements are mix-
tures of isotopes.

All the physical and chemical properties of matter are
conditioned by phenomena which are localized in the
clouds of electrons; all the radioactive processes, both
natural and artificial, are phenomena which are located
in the nuclei of atoms.

The nuclei are protected by their clouds of electrons.
That is why it was not until a rather late period, only
fifty years ago, that the physicists were able to get at them.
The diameter of the clouds of electrons, in the order of
size, is about 10,000 times greater that that of the nuclei.
In contrast, the energy which binds an electron to its
cloud is much less (from 100,000 to a million times
‘smaller) than the binding energy that retains a nucleon in
the nucleus.

I have often been asked why it is precisely the smallest
particles which carry the greatest energy. A detailed analy-
sis of this phenomenon would take us too far. Perhaps it
will be sufficient to refer to Newton’s law of attraction,
which is well known to everyone, according to which two
masses, as for example the sun and a planet, attract each
other with a force in inverse proportion to the square of
the distance between them. The work which is necessary
to move the two bodies from their initial position and to
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take them to a distance so that the force becomes negligi-
ble is called the binding energy in the initial position. In
the case of Newton’s law, it is in inverse proportion to the
square of the distance in a given position. If the earth
were placed in an orbit half as near again to the sun as
it is now, it would be linked to the sun by an energy four
times as strong.

According to Coulomb, these same laws govern the
forces of attraction and repulsion between -electrically
charged particles. As the protons and electrons are
charged, it can immediately be seen that the contribution
of electric forces to the binding energy must be infinitely
greater for the protons, which are closely concentrated
in the nucleus, than for the cloud of electrons, which is at
a distance from the nucleus.

But that is not all. The protons are all charged in the
same way (positively), and therefore they repel each
other. For the formation of the nucleus to be possible,
there must exist forces of another nature and with little
power which cause an attraction between the nucleons.

Now here is the reason why I have spoken of these
forces in connection with the theme “Europe.” The experi-
ments which have made it possible for us to explain the
structure of the atom have been carried out by Europeans
and Americans. The theoretical interpretation, that is to
say the feat of reducing these observations to simple
fundamental laws, has been almost entirely the work of
Europeans. It is almost impossible to quote names without
giving the history of modern physics. I will name two
workers only: Rutherford, who did experimental research
on the structure of the atom—nucleus and cloud—and



72 / On Modem Physics

Niels Bohr, who established the theory of the cloud of
electrons and deduced from known natural constants the
factor, mentioned above, of a size of the order of 10,000.
When Bohr was seeking to establish his quantitative theory
of the structure of the atom, he turned to the two great
guiding ideas of modern physics: Einstein’s theory of
relativity and Planck’s quantum theory. Both are typically
representative of European thought, and their significance
reaches far beyond the natural sciences, entering as they
do the field of philosophy.

Is it not characteristic of our era that the interpretation
of nuclear forces with slight power, which I spoke of a
moment ago, is due to a non-European personality, the
Japanese Yukawa (1935), whose work is based on the
two great theories quoted above? Yukawa opened broad
and completely new perspectives to physics by revealing
the existence of short-lived particles, called mesons, with
a mass between that of the electron and proton, Since
that time several kinds of particles of that type have in
fact been discovered. The study of them—which will
probably solve the mystery of the origins of matter—will
probably be the most important task that the physics of
the future will have to confront.

It is no exaggeration to say that the “most European”
of all creations of the human mind, apart from polyphonic
music, is theoretical physics, which has no equivalent in
other civilizations. Yukawa abolished this monopoly.

4. Nuclear transformation and solar radiation

After these incursions into the realm of physics, let us
return to our historical considerations on energy.
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When I studied physics and astronomy fifty-five years .

ago, the source of the energy which is radiated constantly
from the stars was considered inexplicable. All the known
processes, for example the transformation of the energy of
gravitation into heat by contraction (as put forward by
Helmholtz), could not explain everything, Radioactivity
had just been discovered. It was very soon supposed that
the radioactive processes, that is to say the nuclear trans-
formations inside the stars, could produce the necessary
energy. However, it was only in 1938 that Bethe and von
Weizsicker arrived independently at the correct solution.

The small nuclei are unstable in the sense that they
have the tendency to fuse into larger ones, liberating
energy. For example, the helium nucleus, the second in
"the order of atomic weights, is composed of two protons
and two neutrons. But it is so improbable that these four
infinitesimal particles should be capable of uniting at a
given moment that this does not happen directly even in
the most compressed matter at the center of a star. It is
possible only by a complicated process, by way of other
particles which act as chemical catalysts. Here are the
conclusions reached by the research workers cited above.

The sun, like all the stars, shines because of this process
of fusion. A small part of the sun’s radiation reaches the
earth and supplies the energy to which we owe our
meteorological conditions and the possibility of life on
our planet. The heat produced by the radiation keeps the
water of the oceans liquid, except in the polar regions, and
sets in motion the meteorological cycle: sea—cloud—rain
—river-—sea, etc,

The plants absorb and assimilate certain short waves

7
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of radiation. What takes place then is a complicated photo-
chemical process, that is to say a regrouping of the elec-
trons in the clouds enveloping groups of atoms. The
energy thus transformed is, per atom, infinitesimal in
comparison with that produced by each fusion in the
interior of the sun; the energy is reduced to almost nothing
by its passage through the sun and its propagation in
space. However, it is this chemico-vegetal energy which
maintains all life on earth and with which man has been
contented up to our day.

5. First chapter of the chemical era: the natural age

The sources of energy man had at his disposal in the
first chapter of his history, which one could entitle the
“npatural state,” were his own muscle power and that of
his domestic animals. He added to these by a modest
contribution from the meteorological cycle: water mills
and windmills for work and sailing ships for transport.
From the point of view of the natural sciences, it is just
this source of natural muscular energy which has been
understood least. It consists of a transformation of chemi-
cal energy (that is, a regrouping of the electron layers
of groups of atoms) in a rough mechanical movement,
without a noticeable rise in temperature. Qur laboratories
are acquainted with processes of this kind only in primi-
tive forms of apparatus, such as electric batteries. What
takes place in the organism is extraordinarily complex and
subtle. An eminent biologist told me recently that in his
opinion a technical imitation of this process would be the
equivalent of the synthetic production of living substance.
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In the natural state man lives, from the point of view
of energy, not on his capital but on his revenue, and this
revenue—solar radiation—is distributed everywhere, al-
though irregularly, according to zones.

Given the universality of natural conditions of life on
the earth, these conditions are of secondary importance
in the evolution of history, while other factors are decisive:
geography, national character and personality. Thus his-
torians generally consider the problem of energy as a
known factor and turn their attention to other things.

This attitude can be justified in the setting of the
natural period, but it becomes erroneous, and even
dangerous, in our own age. Great upheavals have taken
place, and if we consider them as an appendix to the
chapter on economic conditions or cultural questions, we
shall not evaluate them adequately.

During this period Europe did not play a role which
distinguished her particularly from the other continents:
she, too, had her wars and peace treaties, her princes and
heroes, her constitutions and revolutions, her philosophies,
her religions, her arts and sciences, and all that these
entail. But even in this epoch one phenomenon set Europe
apart: the appearance of the Greeks, who conceived of
free and independent thought. The Greeks, without any
intention of making an immediate and practical use of it,
sought to discover the nature of the world and were the
first to acquire profound knowledge in mathematics and
the natural sciences. Certainly this knowledge was subse-
quently forgotten, but it was rediscovered when the true
flowering of Europe began a thousand years later.
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6. Second chapter of the chemical era:
the age of transition

Gunpowder is said to have been invented in China,
where, it seems, it was mainly used for the pleasurable
spectacle of fireworks.

When it appeared in Europe in the twelfth or thirteenth
century, it was immediately used for warlike ends.

I place it at the head of the second chapter of the
chemical era because it represents the first use of chemical
energy not stored in living muscles. I consider it as a
symbol of the European spirit as it has manifested itself
since then, characterized by perspicacity in the spirit of
invention, by the need for expansion which, in spite of
the teachings of Christianity—sometimes even in its name
—has not hesitated before any violence.

This is a period of transition and tumultuous develop-
ment. It is difficult to distinguish the spiritual from the
material elements, for if the religious and philosophical
traditions had not been surmounted, the prodigious prog-
ress in scientific research which came about during the
course of these centuries would have been inconceivable.
On the other hand, the success of scientific research con-
tributed to the break with outdated dogmas.

With the great voyages of discovery the roundness of
the earth became a reality, and the European, with his
cannons, became the master of vast regions of the globe.
He imagined himself the master of the world, for he
believed that the earth was the center of the cosmos. But
Copernicus dethroned the earth and made it merely one
planet among many others. This hardly disturbed the self-
sufficiency of the European; in science he found a com-
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pensation for the loss of his imaginary superiority. Did
science not offer him the solution to the riddle of the
heavens and, before long, to that of terrestrial nature?
Mechanics was born from the study of planetary move-
ment, which in tumm gave a powerful impulse to physics.
From the medieval mysticism of alchemy arose the exact
science of chemistry. At the end of the eighteenth century,
after the period of preparation, the steam engine was in-
vented.

During all these centuries of discoveries and inventions
the sources of energy had remained the same as at the
outset of history. A work continued to be done by the
muscles of men and domestic animals aided by water mills
and windmills.

7. Third chapter of the chemical era:
the age of fossil fuels

Then a radical change came about. The steam engine
depended on coal, which was used as a fuel in England
when the ancient forests had been decimated, especially
to satisfy the insatiable demand for wood for naval con-
struction. The first steam engines were used to pump
water in the coal mines. They themselves consumed coal
in ever increasing quantities and in this way lived on the
capital of energy deposited in the earth by the sun during
the course of hundreds of millions of years, in the form
of successive generations of forests which had become
decomposed, buried and transformed into coal. The an-
nual production of mechanical energy then rose rapidly
and transformed human conditions in Western Europe.
The sociologists speak of the industrial revolution, which
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is an inexact term for what was in reality a revolution in
the exploitation of emergy. All that followed was only a
result of this transformation. Until then man in his work
had only one “man power” at his disposal. From then on
he was endowed with a larger and larger number of
“horse power.” This number increases from year to year
and differs from one country to another. It is greatest by
far in the United States of America: at the present a
workman there has an average of about 40 horse-power
at his command. This is accompanied by an increase in
the production of goods and a rise in the standard of
living.

At first, however, this new wealth went into the pockets
of cmployers, while the situation of the masses deterio-
rated and long years and political revolutions were neces-
sary before general well-being improved. But it is not for
me to deal with these modifications in the social structure.
I would just like to point out some characteristics of this
period.

The first relates to the reciprocal influence between tech-
nological advance and science. The invention of the steam
engine took place before the theory explaining the principle
on which it functions was developed. Even the notion of
energy which now provides the explanation of this ma-
chine and which I take as a basis with the liberty and
familiarity proper to the physicist in order to give an over-
all picture of the history of humanity, this notion was not
developed systematically under the heading of the principle
of equivalence between heat and mechanical energy until
fifty years after that invention. Later this theory, completed
by a second fundamental concept, that of entropy, contrib-
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uted greatly to the perfection of the steam engine. These
reciprocal exchanges have continued with technicological
and scientific progress in all fields of research and industry,
where they have proved their worth.

As my second point, I should like to mention a few of
the principal examples of this reciprocal action in the
realm of electricity and chemistry. Thanks to electrical
technology, energy has become transportable and has been
made into a commodity; chemistry, on the other hand,
has freed man from his dependence on natural materials,
It is no longer possible to enumerate the innovations that
the world has seen since then. Seventy years ago, when I
was a child, bicycles were not yet in common use. Today
we have supersonic airplanes. I am still filled with wonder
when I realize that this technical era is still only twice my
own age and that the most amazing achievements appear
in its second half, that which I have lived through. The
most surprising of all is perhaps the triumph of medicine,
illustrated by the fact, among others, that it has doubled
the average length of human life. In 1900, when my father
died at the age of fifty, he was considered quite old; I am
now in my seventy-fifth year and, as you can see, still
flourishing! All the same, I cannot say that I feel at home
in the present-day world.

The third point that I want to consider regards liquid
fuel: petroleum. It is extracted from the earth in great
quantities and has therefore become an important factor
in the economic and political struggle for world suprem-
acy. But if our oil deposits had not existed, there would
probably not have been fewer buses and planes, because



80 / On Modem Physics

the previous generation had already learned how to extract
liguid fuel from coal.

What a really fantastic age these last hundred and fifty
years have been, during which the oil and coal deposits
have been exploited! Considered from a detached point
of view, it has been grandiose both for its conquests and
for the evident absurdity of its undertakings. It is obvious
that a given reserve of good things must eventually come
to an end if one draws on it constantly, and this end will
arrive all the more quickly the more one draws on it.
Europeans, including the Russians and Americans of
European origin, have lived from day to day without an
eye to the future. They extended and consolidated their
domination over other peoples, which they had been able
to establish with the help of their cannons. After the
Napoleonic wars they were so busy with their colonial
enterprises that peace reigned among them. The mid-
nineteenth century was one of the rare periods of pro-
longed peace in Europe. But the European nations soon
began to quarrel again, in Europe itself, over the question
of booty from their colonial possessions and over old
problems of hegemony and frontiers. Armies gradually
became mechanized and industrialized like all other sec-
tors of life.

The horrors of war consequently increased, and we
have seen the result: Europe ravaged by two world wars
and deprived of her political dominance in the world—
although certain nations refuse to believe it yet. The two
great powers of today, the United States of America and
the Soviet Union, continue the old, dangerous game of
power politics, now intensified by their ideological opposi-
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tion—liberal capitalism versus totalitarian communism—
an opposition which resembles the religious struggles of
past centuries for the fanaticism of the two adversaries,
both convinced that they have right entirely on their side.

To me the most striking characteristic of the age whose
end we are witnessing is the irresponsible way in which
humanity is exploiting the fossil fuels—coal and petroleum
—to the bitter end, for these are the very sources of its
power and greatness. The mighty development brought
about by the exploitation of these sources of energy gave
rise to an optimism, a faith which was unwilling to recog-
nize any limit to progress. In Europe this faith has been
profoundly shaken by the two world wars, but not in
America or Russia. And yet fifteen years ago this belief
already had no foundation. Coal and petroleum would
become exhausted, all the more quickly as the population
of the globe increased. In Europe, America and Australia
progress in medicine and hygiene was responsible for
demographic growth. Peoples from other regions of the
earth in ever growing number, above all the immense
populations of China and India, aspired to a higher stand-
ard of living and began to become industrialized. More
and more coal deposits and oil deposits were discovered,
and it became unnecessary to worry over the decades—
perhaps even centuries—to come.

But the naturalist regards present-day civilization as a
brief interlude at the end of a long period—half a mﬂhon
years—in the history of man, the latter period bemg in
1ts turn only a minute interlude in the endless millions of
years of the evolution of life on earth. The naturalist must,
in fact, have the right to apply another measure and
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observe that humanity’s faith in its long domination o
the world rested, until not long ago, on a very fraj
basis. -

8. First chapter of the atomic era: nuclear fission

To explain this title it is sufficient to remember that
great physicist Lord Rutherford, the father of contem
rary nuclear research who discovered the nucleus of
atom, was still convinced, up to his death, in 1937, t
it would never be possible to utilize the immense reser
of energy accumulated in the nucleus. He was wrong. T
years later, in 1939, one of his pupils, who like Rutherfi
dedicated himself to disinterested research as understc
by the Greeks, the German Otto Hahn, with his collabo
tor Strassman, made the decisive experiment, without |
ing aware of its full significance. It is probable that
would have been a number of years before this discov
was made use of for technical ends if the Second Wo
War had not broken out and speeded up research, in 1
manner of a chemical catalyst. These events are so %
known today that it is unnecessary to repeat them. I sho
just like to make two comments on the subject.

The first regards the physical nature of the new sou
of energy. It does not consist of a process of fusion cau
by solar energy, but one of division or fission of he:
nuclei. The principle is easy to understand. I have !
plained previously that the cohesion of nucleons in
nucleus cannot be explained by electric forces becau
first, all the protons are charged (positively) and theref:
repel each other, and because, second, the neutrons in
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nucleon are not affected by electric forces. I have related
how Yukawa deduced from fundamental principles of
modern physics the existence of new kinds of forces with
a short range and connected their presence with a mew
kind of particle, mesons. These forces revealed by Yukawa
affect only the immediate surroundings, while the force of
electric repulsion can reach greater distances and act
also on nucleons further removed. Thus it can be under-
stood that for the big nuclei the repelling electric force,
despite its relative weakness, takes the upper hand and
prevents nuclei above a certain size from being stable. This
is what happens with the uranium element containing 92
protons. It has been established that one of its isotopes—
not the most common, which has 146 neutrons—but the
one that is considerably rarer and possesses 143 neutrons,
becomes unstable when it absorbs an outside neutron and
then divides into two approximately equal parts, at the
same time liberating powerful energy. Through this, sev-
eral isolated neutrons are expelled which will provoke in
their turn the fission of other uranium atoms. In this way
a cascade of fissions is formed, or a chain reaction. This
is the phenomenon which is made use of in the uranium
reactors to produce enmergy and which was the basis of
the first atomic bomb.

My second observation concerns the role played by
Europe on this occasion. The first decisive steps, that is
to say the discovery of nuclear fission itself, its theoretical
interpretation and the possibility of provoking a chain
reaction, have been, without exception, the work of
European research workers in Europe or of European
origin in the United States; its entire physicotechnical ac-
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complishment has been the fruit of American determina-
tion and organization.

The tragic side of this discovery was the first applica-
tion of this new power to use as a weapon of unimaginable
strength. We shall speak of this again later.

Shortly after the war the production of energy began
and today several uranium reactors are already function-
ing in various countries, and numerous others are under
construction.

The raw material necessary for the production of this
energy, uranium and thorium, like coal and petroleum,
exists only in limited quantity, sufficient, however, to
delay by several centuries the catastrophe that the exhaus-
tion of the sources of energy would have created.

England, the country where the steam engine was in-
vented, was one of the industrial nations most menaced by
the exhaustion of coal reserves. She is now to the fore-
front in the development of uranmium reactors, which she
hopes will allow her to maintain her position in the world.
Many countries which are lacking in coal and petroleum
and, therefore, industry, are today thinking of becoming
industrialized with the help of factories using uranium
motive power. And already the next stage, when practi-
cally unlimited quantities of nuclear raw material will be
put at our disposal, is taking shape.

9. Second chapter of the atomic era: nuclear fusion

Man has already succeeded in reproducing on earth the
fusion process (by raising the number of nuclei in the
helium nucleus to four) which produces the energy of the



Reflections / 85

stars. A uranium bomb was used as a detonator; the
prodigious pressures and temperatures which are pro-
duced following an explosion by fission are sufficient to
set off the fusion reaction. Once more, as in the cases of
gunpowder and the uranium bomb, war, or at least the
preparations for war, have been the indirect causes of
technological progress.

The history of the hydrogen bomb is well known and I
do not peed to go over it again. The bomb is the decisive
factor in the struggle for supremacy between the great
world powers, the United States and the Soviet Union.
Europe took no part in this struggle until Great Britain
began to produce H-bombs. At the outset it appeared to
be a purely diabolic invention because no means of slow-
ing down the fusion reaction was known. But very soon
methods were discovered which before long will probably
allow man to master the so-called thermo-nuclear proc-
esses. If he succeeds, humanity will be relieved of all cares
regarding its energy reserves for a period of time which
will no longer be counted by centuries but by geological
periods. In fact, the raw material is a hydrogen isotope
which one can extract from sea water, and the oceans will
last just as long as the human race on this earth.

In this way man would find himself once again in a
healthy position; he would live on reserves of cosmic
energy, which are almost as inexhaustible as solar energy.
But this new state would differ from the natural state—
which prevailed during the first period of the history of
energy—in three essential points:

First, it would be an artificial state which could be
maintained only with the help of the permanent use of the
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most intricate technical means and of international col-
laboration.

Second, judicious employment of these means would
assure a state of material wealth; the energy at the disposal
of the workman would no longer be the small quantity
supplied by his muscles and drawn from his daily food,
but an unlimited quantity which he could summon up, as
if by magic, thanks to his brain, to science, technology
and organization.

Third, it would be an extremely unstable state with in-
herent dangers of a magnitude quite different from those
of the pretechnical period. The catastrophes provoked by
the wars and revolutions of the past concerned or wrought
havoc upon only limited regions; in the future a political
catastrophe would mean the self-destruction of civiliza-
tion, perhaps of the whole of humanity and perhaps even
of life on earth.

10. Perspectives

Let us sum up now. The intellectual and practical
achievements of Europe, have rendered man independent
of the slender revenue of solar energy that nature has
allotted to him. The European discovered the solar energy
accumulated during the course of time—the fossil fuels;
and seduced by the lure of wealth he has squandered it
without restraint to develop a civilization embracing the
whole of humanity. Yet in his pursuit of material profit,
he has not completely forgotten the Greek spirit which
had given him the initial impulse; and he has continued
to pursue disinterested research, thus enabling us to avoid
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the destitution to which the exhaustion of fossil fuels
would have led us: our salvation will come from the
utilization of nuclear enmergy of cosmic origin which is
present on the earth itself.

Just as Prometheus had to atone for having stolen fire
from the gods and bringing it to man, a curse lies on the
achievements of contemporary man for having lit cosmic
fire on earth. The atomic era has, in fact, opened with
terrible destruction and wholesale massacres, and never
will the shadow which the very name of the atom bomb
casts over the joy and hope of life be dispelled.

That is the point the scientists have reached. Now it is
up to us all, without exception, and no longer only to the
politicians, to avoid a cataclysm. We physicists have as
our duty to inform and wam statesmen and to do all we
can to influence their decisions. That is the aim of this
attempt at a scientific explanation of the history of the
world and the part that Europe has played in it. The
greatest danger for the future comes from those who re-
fuse to recognize that the nascent era differs entirely from
the past. I have enumerated its three essential charac-
teristics: The first, expenditure on technology, is a burden.
The second, general material well-being, is an attractive
goal—so long as it does not become an end in itself. The
third, the atom bomb, is a monstrous danger. The ques-
tion, then, is to know if we cannot have the well-being
without the burden and the danger or—if the burden is
inevitable—at least without the danger. What is tragic
about our situation is that it seems this would have been
possible had the chain of events been different. Thanks to
physicotechnical means we could have been content with

R
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solar energy without tumning to terrestrial nuclear energy.
Hydraulic power, which first springs to mind, would, how-
ever, have been insufficient; if all the possible hydro-
electric systems were put to use, only a slender percentage
of needs would be covered. Exploitation of the wind is too
uncertain, Utilization of the tides is under study and
promises appreciable results. On the other hand, the di-
rect conversion of the sun’s rays into electric current with
the aid of thermoelements is a serious possibility which is
being studied particularly by Russian scientists.

I shall quote some figures which I have obtained from
a publication by the Russian physicist Joffe: the solar
energy sent to the earth in the course of a single day cor-
responds approximately to the sum of all the quantities of
energy which have been accumulated on earth under every
form—coal, petroleum, water—since the beginnings of
time. This demonstrates that the poverty of the natural
era was due not to a limited quantity of radiation but to
the absolutely minimum useful effect of meteorological
phenomena and vegetable growth. Today the output of
thermoelectric installations, even of small steam engines,
is from 8 to 10%. However, to meet the whole of the
world’s needs, a large surface would be necessary, equiva-
lent to a square with sides 30 miles long, in a desert con-
stantly bathed in sunlight.

But even if these projects were realized, it would in no

, way modify the tragic situation we have arrived at by

dropping the Hiroshima and Nagasaki bombs. War and
power have presided over the birth of the new era. We
have abused a gift of destiny to kill and destroy. A curse
will always lie upon us for this act of profanation.
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We shall not succeed in escaping from this situation
with out-of-date political concepts. It is often said that,
when the crossbow and gunpowder were invented, the end
of the world was alrcady being prophcsicd§ we have sur-
vived them as we have dynamite, aerial torpedoes and
napalm; in the same way we could survive A- and H-
bombs—or at least some of us—if we took the necessary
protective measures, by hiding in underground cities and
taking other similar precautions. Those who speak like
this seem to me to be madmen. We are not moles; we
take pleasure in the beauties of life, in the sun and the
landscapes in bloom which surround us. We cannot escape
from the danger which threatens us if we do not radically
change our way of thinking. But the difficulties are great,
for the world has never been in such upheaval as it is
today. The peoples of Asia and Africa wish to rid them-
selves of the yoke of colonialism and reject the influence
of Europe. Nationalism, religious contrasts, racial ten-
sions, ideological conflicts, bringing into opposition, for
example, totalitarian communism and liberal capitalism,
are more acute than ever. But these differences can never
be resolved by the old methods of force. A new world
war would mean total annihilation.

Europe provided the original impulse for the achieve-
ments of our time with its inventions and discoveries; but
these achievements of the spirit have been directed ex-
clusively towards material progress. It seems to me that
Europe must take the lead once again in the ethical and
political evolution of humanity, and in order to succeed,
it must begin by achieving its own unification.

In my capacity as a physicist I am especially interested
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in European institutions which deal directly with atomic
research, such as Euratom and CERN, whose laboratories
are located at Geneva. The colossal dimensions of the
machines which are installed there show that the smallest
products of nature supply the greatest amounts of energy,
and consequently their study entails great expense in the
experimental field. It is a good sign of the solidarity be-
tween the nations of Western Europe that they have as-
sociated in order to carry out an enterprise which would
have been beyond the possibilities of any one of them.
Physics in itself is not only a factor of material progress
but also an element in the spiritual evolution of man. In
the final éhalysns, the opposition between East and West
which is preoccupying the world today is based on philo-
sophical opinions and on ways of life which are subject to
the influence of the natural sciences. Marxism teaches that
the communist economy is a historical necessity and de-
rives its fanaticism from this belief. This idea comes from
physical determinism, which itself arises from Newton’s
celestial mechanics. But, in fact, physxcs abandoned thlS
theory ‘about thirty years ago. Instead it has worked out a
 statistical interpretation of natural laws which corresponds
better to reality and in the light of which the communist
belief that Marxist predictions will necessarily be realized
appears grotesque. American thought, for its part, is at
the mercy of a superficial pragmatism which confuses
truth and utility. I cannot adhere to it. I believe, for ex-
ample, that the laws of nuclear physics contain a large
part of truth but that only the future will be able to tell us
if they will ultimately be useful to humanity or if they will
bring only death and destruction.
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Europe is not bound to one or the other of these ex-
treme and absurd doctrines. We believe that an inter-
mediate and reasonable solution must exist and that it is
useless to jeopardize the existence of civilized humanity to
secure the triumph of a doctrine or an economic system.
For my part, I believe that genocide and war are to be
condemned whatever the circumstances are, and I ask
that, in the future, politics should no longer have recourse
to these means. But as I have set myself the task of con-
sidering historical problems as a physicist, it would exceed
my competence even more to speak of moral philosophy
or even of theology. But I would like to add, in conclusion,
that the ethical problems raised by the prodigious increase
_in the power at man’s disposal absorb me just as much
as, if not more than, the scientific and political problems.






Chapter 5

The Methods and Limits of
Scientific Knowledge'

PIERRE AUGER

HAVING BEEN INVITED to speak to you as a physicist, I
believe I owe it to you to assume a scientific attitude from
the beginning. 1 shall therefore summarize the situation I
am in as follows: The occasion that brings us all together
bears the general title, International Meetings. The sub-
ject of tonight’s talk has to do with scientific knowledge,
and moreover the general theme of these Meetings is Man
and Science. From these premises it is clear that you €X-
pect of science that it should, in the person of one of its
representatives, come forth and extend its hand to man,
that it should in some way become humanized. I shall
endeavor to meet this expectation, and at the same time I

1] ecture delivered September 5, 1952.
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shall ask this man who faces me—the nonscientist—to
be good enough also to take a few steps toward science.

But a word of caution: we must be logical. Science is of
man—that no one denies. And yet here we find man—or
at Jeast a fraction of the human species that considers
itself sufficiently important blithely to arrogate to itself
alone the fine title of man, which has perhaps been some-
what overused of late—here we find man suddenly feeling
himself a stranger to his own science. He no longer recog-
nizes his child, which has become too big, too powerful
for him. He no longer knows what to do with the power
that science puts in his hands, and he is even afraid he
will misuse it. Man reproaches man for heaping upon him
too great riches. He blames him for leading him too fast
into the exploration of a universe which is too large and
which at the same time has become too accessible, too
docile. He is overwhelmed with too many riches, which
has the effect of tempting him to squander them or even
to destroy them. In the face of his own success, in the face
of his own machines which have become magic slaves,
man is afraid, and fear is a poor adviser.

Yet, my dear friends, what does this mean? Is it not a
very humiliating situation for this man who is on the one
band a powerful sorcerer and on the other an apprentice
intimidated by his own knowledge and terrified by the
effect of his slightest gesture? Is it not time to re-establish
a harmony, a unity, in this man’s divided soul? For this,
must we not lay the foundation of a new humanism, a
humanism that would be total—including science—and
would take the place of the classical humanism which was
also total in its time?
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I am rather tempted to repeat here, once again, an
anecdote that is quite appropriate at the beginning of a
communication such as this. It is the well-known story
that describes Confucius being questioned by his emperor
in connection with an alarming social crisis. Confucius is
supposed to have answered, in substance, “In case of
crisis, we must reform the nomenclature.” We must do
the same in the crisis that we are witnessing. It is essential
to revise the names, in other words to undertake a precise
definition of classical humanism or what it represents, and
on the other hand, of science.

I do not conceal from myself the fact that this is a task
that is far beyond me. I shall accordingly limit myself to
proposing to you a method, or rather an approach to a
possible definition of these two terms. I believe first of all
that as it is usually formulated, that is to say statically,
the problem is insoluble. More precisely, the data of the
problem are then unintelligible; their dynamic aspect must
be brought in. In other words, I believe that a crisis of our
time cannot be judged if it is not first placed in the per-
spective of the evolution that has led to it, an evolution
considered in its broadest semse, that is, taking in the
evolution of all organized beings who have preceded man
since life appeared on the earth.

Do not think that I am trying to minimize the problem
of which I have to speak to you by comparing it with the
immense sweep of the organic evolution of the world’s
history. No, no! It is, on the contrary, because I believe
that the present situation, that is, the situation created by
the appearance of science, is as mew as that which oc-
curred at the time when life appeared or when articulate
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language appeared among the animals. I believe that these
are evolutionary turning points, not discontinuities but
changes in the slope of the curve.

Let us then examine the principles that have presided
over the evolution of organized beings, the first that has
occurred on our globe. Three different principles can be
distinguished, characterized by the words maintenance,
multiplication and variation. I see that there are eminent
geneticists in the front row; I hope they will not contradict
me in the discussion that will follow.

The organized being, in fact, presents a structure that is
different from that of inanimate natural objects, and it
can be shown how the maintenance of such an organiza-
tion, exceptional in its complexity, can be successful only
through a constant struggle against the forces of destruc-
tion that tend to introduce disorder. I should like to quote
in this connection the remark of a great physiologist, who
defined life as “the combination of functions that resist
death,” that is, that maintain a certain complex state of
organization. All living evolution, moreover, is based on
a principle of identical reproduction. There can be no
evolution without a multiplication of the individuals at
each of its stages. The introduction of certain more or
less important variations in the course of this multiplica-
tion makes it possible to pass from the static plan of indi-
vidual maintenance to the dynamic plan of an evolution.

Let us consider for 2 moment the concept of mainte-
nance, which is perhaps the most important. Such mainte-
nace is conditioned by a certain degree of adaptation.
There is no maintenance without “adaptation” to the
environment in which the being is placed—and we shall
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take this term in a very broad sense. We shall say, for
example, that a molecule that remains stable in a gas or
in a solution, without changing its state, is adapted to the
medium in which it is placed. If the environment changes
in temperature or in composition and the molecule ceases
to be adapted to it, the molecule will be profoundly trans-
formed or even destroyed. It is clear that the need to
safeguard this relationship between the inner structure of
the being and the environment will give rise to a selection
among the variations, and we thus come back to Dar-
winism. Those among the new structures which are
sufficiently well adapted to the environment maintain
themselves, giving rise to natural selection.

In the course of identical reproduction, it is indis-
pensable for the combination of the internal structures
that are in a state of adaptation, that is, in correspondence
with the environment, to recur in the descendants, While
organic chemistry affords an elementary image of organic
reproduction in the phenomenon of the autocatalysis of a
substance by itself—a phenomenon in which a molecule
causes the appearance of other identical molecules in an
appropriate medium—it is not possible to conceive in so
simple a fashion the reproduction of a large being whose
adaptive structures involve a very large number of mole-
cules simultaneously. A new stage appears between that
of identical reproduction, confined to the molecular field,
and that of the large living being, adapted to an environ-
ment. This stage is that of development, which makes it
possible to pass from the details of a molecular structure
(that of the chromosomes of the egg) to a macroscopic
structure suited to be the seat of the physiological func-
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tions. This passage from the molecular to the anatomical
occurs through a series of translations and amplifications.

It remains true none the less that through the transla-
tion of development—a development that translates the
molecular chemical properties of the genes and the chro-
mosomes into terms of physiology and anatomy—a sys-
tem of correspondence exists between the stuctural details
of the initial chemical molecules and the external eviron-
ment in which the living being must develop. There is a
correspondence between the chemical functions of the
molecule or rather of the group of molecules that form
the heritage—the “germen” of living beings—and the
outer environment, a correspondence that makes itself felt
only by virtue of development and for the physiological
and anatomical functions that appear with its help. There
is a translation of the chemistry of the germinative mole-
cule into physiological terms, a translation that makes
adaptation to the environment possible.

It is perhaps because of this necessary translation that
evolution has been very slow. Every time that a molecular
chemical modification appeared in the germinative part,
it was necessary to wait for developments to occur so that
the translation might be appreciable, in other words to
wait for the variations on a molecular scale to appear in
the form of mew anatomical, physiological structures of
the developed being. It is thus certain that the mechanism
of evolution must be greatly accelerated when this stage
is not necessary, that is, when identical reproduction oc-
curs directly for the whole being, as is the case for a cer-
tain number of beings that I shall venture to call living,
even though Professor Guyenot believes that they are not
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yet altogether so, namely the viruses. These are in reality
large organic molecules that reproduce themselves directly
in a suitable environment without for this reason con-
stituting a more considerable living being. A variation in
the chemistry of one of these molecules immediately
makes itself felt in its adaption: after the variation it is
directly more or less adapted to the environment, and as
a consequence it disappears or multiplies. It is clear that
evolution proceeds more rapidly in this case.

If it is true, as has sometimes been suggested and as I
myself have proposed in a recent book, that the evolution
of ideas merely follows and extends the evolution of living
beings, and if we may resolutely take the point of view of

. the geneticist in studying the evolution of these ideas, we
may perhaps attempt to base on genetic considerations of
this nature a distinction between several categories of
ideas—I am tempted to say: between different strains of
ideas, since, in the present theory, they form strains which,
like strains of animals, multiply by passing from one brain
to another. They people a population of brains with a
population of ideas.

Let us leave aside the specificially creative mechanism
and concentrate on the device of selection, which is the
one that interests us this evening and which involves
genetics. It is the one which, among the various novelties
that have appeared in the course of the work of the mind
(or idealization), makes a choice that binds the future.
This choice must take into account the imperious neces-
sity to reproduce ideas in numerous copies in the brains of
men, by virtue of articulate language; it is clear that an
idea that is not transmissible, that does not multiply by
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passing from one brain to another, does not belong to one
of these strains, however useful it may be. Even if it is an
excellent idea, if it is not transmissible it dies with its
creator.

When we speak of selection, we must base it on a pre-
cise consideration of the criteria that define it. These are
generally criteria of utility: thus Darwinism is based on
the utility of the newly appearing characteristics. But they
are also at times criteria of satisfaction of a more subtle
order; we shall later see certain applications. The type of
selection will differ considerably depending on whether
the utility in question is relative to the individual who has
the new idea (or who transmits it), or relative to the
groups that several individuals of the same species form
among themselves, or relative to the entire species.

In other words, and since we have characterized adap-
tation as a precise correspondence between an internal
structure—which was a chemical structure in the case of
the molecule, a physical, physiological and anatomical
structure in the case of living beings, here an idea structure
—and external conditions, the adaptation must occur
either directly between the ideas of an individual and the
conditions of the environment that surrounds him, or in-
directly, through a combination of individuals whose ideas
constitute a traditional inheritance. These ideas that are
peculiar to the group share its fate, whether it prospers or
deteriorates.

Inasmuch as the problems of existence of a group are
very often problems of struggle against other groups of a
similar nature, it is natural that the general body of ideas
selected to form a part of the tradition of a group should
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above all strengthen and consolidate the group itself. In
many cases the individual will be deliberately sacrificed for
the maintenance of the group. This is what happened in
the course of the selection of instincts among the social
insects, to say nothing of men, with the difference that in
the former case the selection related to hereditary charac-
teristics and in every instance had to wait for the complete
development of the society (ant hill or hive) before making
its indirect action felt. Many hereditary characteristics of
the individual, ant or bee, are harmful to the individual as
such, since he must at times sacrifice himself to defend
his society. This is an inner disposition that is disastrous
for the individual, but necessary for the maintenance of
the group.

~ The same thing is true in the case of ideas that have
been selected in the light of such collective criteria. These
ideas are favorable to the maintenance of the group, but
may well be disastrous, unfavorable, fatal, harmful for the
individual as such. Among the ideas that will result from
a selection of this kind must be included ideas of the
moral type. They will include myths, tales belonging to
the traditional folklore, in short everything that involves
the group as such. To these must be added a technological
tradition, which enables the group to attain a certain living
standard for its members.

But the point I should particularly like to emphasize is
the following: In the natural selection of living beings, it
may be said that every viable being survives: biologists
know many examples of living beings which appear to be
rather poorly adapted, like certain birds which have an
excessively large beak or extraordinary ornamentation;
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paleontology shows us the existence of large saurians beax-
ing scales whose great weight must have hindered them
considerably in their movements. The study of evolution
brings to light numerous examples of species which, as a
result of a certain number of variations, end up by becom-
ing less and less well adapted, but which nevertheless con-
tinue to live and to reproduce so long as they are viable.
There comes a time, however, when the species disap-
pears.
In the same way it may be said that every traditional
idea that is easily transmitted, that is not harmful to the
group in which it is implanted, maintains itself: it is viable.
There is an ad minimum selection, which suppresses the
really harmful ideas or combinations of ideas, but only
these, and which allows all the ideas that are above a
certain adaptation minimum to subsist. Just as a charac-
teristic that has proved baneful in an individual of a living
species and has caused this individual to disappear may
very well subsist in a neighbor which does not find itself
exactly in the same conditions, so an idea considered false
by one group of men may subsist in a neighboring group
when it is an idea that has been selected by the group.

In the category of scientific ideas we shall find charac-
teristics radically opposed to those that we have just de-
scribed. Going back to the genetic analysis, we may say
that scientific ideas behave like a strain whose members
are exactly alike because they stem from a single pair of
ancestors. For such a lineage to be possible, it is necessary
for each of the ideas, each of the concepts, to be quite
strictly definable: the transmission of this idea by articu-
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late language will always give an identical idea in each of
those who carry it.

We know that men and groups of men differ pro-
foundly; it is therefore not easy to find standards that can
serve as bases for these definitions. But when we are deal-
ing with scientific ideas, it is possible, thanks to the device
of precise correspondence between internal structures and
external facts. This exact correspondence, which makes it
possible to establish the rigor of scientific ideas, thus en-
dows them with an objective character. They then become
universal; that is, they become the attribute of the entire
human species and not only of a group of individuals.

But every medal has its reverse side and the universality
of scientific ideas, due to their rigor and their constant
comparison with the external environment, entails on
their part an extreme sensitivity to numerous causes of
death, To revert to genetic terminology again, when we
are dealing with a population all of whose elements are
identical and external conditions change in such a way
that one representative of this population dies, all die.
Likewise, when a scientific concept is no longer tenable
because the correspondence with certain characteristics of
the external universe on which it was founded is demon-
strated to be false by a single man, this concept is rejected
by him and must be rejected by all other men as soon as
the proof of its incorrectness has been brought to their
knowledge. It is, in short, death that is multiplied, or
rather it is a new idea contradictory to the first that multi-
plies and that takes its place. The rigor and objectivity of
scientific ideas thus consecrate both their universal value
and their susceptibility to contrary proof. How different
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from nonscientific ideas and concepts! These, which are
the attribute of groups, have a robust vitality, which they
owe essentially to their subjectivity and also to their lack
of preciseness: contrary proof is hardly applicable to
them. Moreover, even when a man is convinced of the
incorrectness of one of these ideas, he is incapable of
transmitting this assurance to his fellows with finality.

Scientists and their more or less abstract edifices have
often been made fun of, because from year to year (and
sometimes from day to day) certain of their hypotheses
were seen to collapse, only to be replaced by ideas that
were found to be better. How can we have confidence in
this or that new theory, since we see it blithely taking the
place of the preceding theory, now abandoned? This is
the price of objectivity and universality.

Conversely, we see ideas, such as those at the basis of
spiritism, telepathy, astrology, resist all the assaults of
science and numerous administrations of contrary proof.
They are simply not susceptible to these by virtue of their
device of selection. There are, even now, people who come
into the physics laboratories speaking of N rays. Yet this
has to do with results arrived at by men of science, which
were subsequently proved to be invalid; for scientists such
occurrences are normal and leave no doubts; these ideas
have simply been abandoned. But the nonscientist is not
sensitive in the same way to contrary proof and may con-
tinue undisturbed to speak of N rays or to expatiate on
mitogenetic rays. On the other hand, you will never sec a
man of science affirm that the Ptolemaic system provides
the true mechanism of the solar system.

How does it comes about that man, in his effort at
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adaptation (that is, I repeat, in his effort to establish a
system of precise correspondence between his ideas de-
rived from his internal structure and the phenomena of
nature that surround him), has not from the beginning
applied a system of rigorous selection that would have
made it possible to build a scientific system at the outset?

It is not that primitive man, the man of prehistoric times,
did not establish certain correspondences that were precise,
universal and consequently scientific. For example, those
that enabled him to develop precise techniques (tool-
making, devices for hunting and fishing, agriculture).
But these precise correspondences remained isolated,
sporadic, each valid in itself. They do not form a general
system, so that the internal counterparts of these natural
phenomena (ideas) were not linked to one another. They
were transmitted isolatedly, as such, from generation to
generation, like wholly separate animal species.

The reason for this lack of inner links is easily explained
by the extraordinary complexity of the intellectual device
that later proved necessary to effect them. The problem
Wwas not to link the ideas among themselves by means of
some internal mechanism. The latter must correspond as
a mechanism to the external mechanism that connects the
phenomena in question to another. An exact parallel must
be established between the two.

This liaison was made possible only after a reflective
study of his own internal structure by man himself. This
study enabled him to discover what were the types of
link that he himself could establish among different ideas
and to seck among these devices—sanctioned by his in-
ternal structure—those that constitute a parallel with the
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links existing in nature among corresponding external
phenomena.

This long and difficult study is that of logic and mathe-
matics. Before it had gone very far and in order to satisfy
the craving for a system, man sacrificed the precision and
the objectivity of correspondences to the establishment of
any kind of links among his ideas so long as they satisfied
him. The myths, mysteries, cosmogonic theories of antiq-
uity could satisfy this need of adaptation at little cost,
and on the other hand they could victoriously resist even
repeated failures, since they are not within the category of
scientific ideas. It was only through the intermediary of
groups and the selection of these groups that these systems
could finally be somewhat selected.

Confronted by these facts, must we not at once ask
ourselves the contrary question, in other words, wonder
why man has not always been content to have recourse
to empirical relationships, connected by some device or
other, why he has not been content to satisfy his need of
communion with the world by means of imprecise inner
systems, vaguely relating a certain number of ideas in
correspondence with external phenomena? This state of
humanity did in fact last from the appearance of the first
communities up to the Renaissance, and it really changed
only with the advent of the scientific era.

There was first a development of empirical techniques
which continually increased the number of isolated corres-
pondences between ideas and external phenomena. And
this increase in number made the question of the relation
of the corresponding ideas among themselves, of their
intelligible relations, ever more pressing and led to the
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development of the precise study of its own internal
structure by the human mind. Thus it was the develop-
ment of these empirical correspondences on the one hand
and the progress of the study of man by himself on the
other that suddenly brought about the comcept of this
parallelism between the grouping of internal ideas and the
grouping of external phenomena. The comparison of
causal chains among external phenomena with the inner
logical chains of ideas that correspond to them constitutes
the scientific system properly speaking. It only remained
to accept the price of this rigor and this precision, that is,
the mortality of systems thus obtained, their fatal suscepti-
bility to contrary proof.

But even granting this whole mechanism that I have
just described, there still arise many fundamental ques-
tions. Thus, should we not wonder whence this thirst for
explanations, that is, this thirst for adaptation, springs? And
it is a thirst that can at times be quenched in such a trivial
way, through a few artifices of language or vague, distant
analogies!

I should like, in this connection, to relate a personal
anecdote that made a deep impression on me. After I had
delivered two lectures at the Mediterranean University
Center in Nice on the subject of cosmic rays (needless to
say, the audience was much smaller at the second session
than at the first), one listener came up to me at the end
and said, “I should like to tell you what I think of life.”
He then explained to me with a great deal of passion that
he visualized life as “whirls of cosmic rays.” That was
why he had come to talk to me. As I seemed a little sur-
prised, he said eagerly, “I don’t expect to convince you,
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but I like this theory; I explain life by whirls of cosmic
rays, and this satisfies me.” Then he hurried off, lest I
attempt to demonstrate to him the inanity of his theory.
He wanted to talk to me in order to have the satisfaction
of once again expressing his theory; then he hastened to
shut the lid on his treasure and to make off with it. It is
strange that the adaptation of the microcosm and of the
macrocosm should be such that a man can content himself
with three or four magic words, taken almost at random,
with a few high-sounding terms, by means of which he
builds his inner life.

But it is not our concern this evening to seek why this
thirst for knowledge and adaptation exists, and I should
like to turn toward another very important question, con-
tained in the simple observation that science is possible. It
is possible to find inner chains of ideas adequate to the
structure of our thought, since they form a satisfying inner
system, and since they correspond precisely to sequences
of phenomena observed externally. Conceivably this might
have been impossible. Must we not see in this observation
the proof of the existence of the external world? And
even, because of the similarity of structure between this
world and our thinking, a proof that the latter belongs
to the external world?

If we can find sequences of subjectively satisfying in-
ternal structures which, on the other hand, are parallel to
the objective sequences of external phenomena, is this not
a sound foundation for a kind of monism—which would,
however, differ greatly from a too narrow materialism—
and which would perhaps save us from the threat of in-
tellectual schizophrenia that the absolute separation be-
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tween the world of things and that of the spirit constantly
holds over us?

Having thus established science in the great current of
the evolution of beings, perhaps even at the peak of their
increasingly complex and precise adaptation to the phe-
nomena that surround them, let us look into the question
of the limits of its realm: Whither can the evolution of
scientific ideas lead? Is it limited in its advance, and if so
by what principles? On the other hand, scientific ideas
constantly bordering on other types of ideas and inter-
actions are inevitable. Where, then, are the frontiers?

The first problem, that of the advance of evolution and
its possible limitation, in reality presents two quite distinct
aspects. It may be wondered—and the question has arisen
very insistently—whether science can continue to progress
at the present increasingly rapid rate. Will it not be obliged
to slow its advance or perhaps even to stop it, when all the
phenomena accessible to man are linked to one another
by satisfying theories? On the other hand, considering
that the complexity of our ideas depends directly on the
structure and the mode of functioning of our brain, we
may wonder if, in the course of building increasingly com-
plex, increasingly refined structures, we shall not reach
a limit imposed by this internal structure itself.

As for the possible exhaustion of the resources of na-
ture, I believe there is no anxiety to be felt on this score—
or no hope, depending on the point of view. There is in
any case not the slightest indication in this direction. New
realms of science open at every moment in physics, in
biology, in chemistry, to say nothing of the social sciences,
which have barely been outlined. Yet science has itself
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discovered a number of the natural limits that restrict the -
field accessible to man.

Astrophysics, for example, has revealed that part of the
universe is forever inaccessible to us, whatever the means
used to seek knowledge of it. I am speaking of that portion
of it that is situated very far from us and which, because
of the phenomenon of expansion, is vanishing very rapidly.
The observation of the stars and nebulae that are pro-
gressively more remote from the earth shows, by the dis-
placement of the spectrum of their light, that they are
moving away from us more and more rapidly and pro-
portionally to the distance. There is thus a distance be-
yond which the celestial bodies move away from us so
fast that their light can no longer reach us, which does not
contradict the principle of relativity. We can therefore
receive from them no light message and we can send
them none, This is really part of the universe which we
know exists but which is completely inaccessible. Certain
nebulae are at the very border, are about to drop below
that new type of horizon; they are the ones that are mov-
ing away from us so swiftly that their light has already
assumed a red tinge, and the physicist knows, merely by
looking at the spectrum of this light, that they will soon
have disappeared forever. Soon—that is to say in a few
million years.

After this practical limitation of the knowledge of the
universe, let us give a more abstract example. Satisfying
theories have sometimes been proposed to unite and ex-
plain many varied phenomena. It unfortunately happens
that the verification of certain theories would require
conditions that we cannot fulfill, such as Very precise
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observations over a very long period, for example a
billion years. This also is beyond our scope, although I
do not mean to imply by this that in a billion years there
will no longer be men on earth. These theories are perhaps
correct, but we cannot allow ourselves to judge them with
finality.

Apart from a few special cases of this kind, all the
prophets who have successively attempted to exclude
some realm of nature from science have always been gain-
said by facts. I shall give only one example, that of chem-
istry. Berthelot had been told that, despite the impetus
that he had given to chemistry, he would not be able to
manufacture organic substances, because this was the pre-
rogative of life. Nevertheless, he soon synthesized acetylene
and later alcohol. Then the supposed barrier was displaced,
and it was sugar that was put beyond the bounds of
chemistry. Yet Fischer synthesized sugars. Will we have
to stop at the proteins? No, for chemists are linking the
amino acids to one another, and before long it will be
possible to manufacture this or that protein at will.

There are, a priori, no realms “forbidden” to science.
What is much more probable is that science will become
increasingly less accessible, in its entirety, to a single man,
and that it will become necessary to invent more and more
powerful synthetic methods of presentation in order to
make general views accessible, at least to a few. The
scientist of the future will no longer dream of mastering
the whole of science. He will not need to, if the theoretical
constructions are broad enough to reduce all the essentials
of science to accessible syntheses.

The question of structure is much more serious, and
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perhaps we have already reached, in mathematics, the
end of our rope. It is our faculty for representation that is
first exceeded, without depriving us of the possibility of
reasoning. We can, for example, define and study hyper-
spaces to n dimensions that cannot be represented con-
cretely. I wonder, in fact, if we do not have an example
of this difficulty with the particle-wave crisis—as it has
been called. It is not impossible that the whole of these
phenomena that we want to explain cannot be integrated
into a single system by our internal structure; that the
latter allows us to integrate only a single aspect of these,
through a system of correspondences—that of corpuscles
—and then another, through another system—that of
waves. We are perhaps unable to integrate the whole with
a single internal combination, If we are limited in this
direction, this does not at all mean that we are thereby
prevented from reasoning correctly, but that we cannot
reason on all the aspects at one time, with a single system
of correspondence: we need several to reconstitute the
total system.

Though I said a moment ago that no realm is forbidden
to science, this does not mean that science will resolve all
problems and will answer all questions. Very often prob-
lems are posed in contradictory terms; they have no
solution because they have no meaning. Or they violate
the laws of nature in their very premises. Often, too, the
answer will leave us wholly unsatisfied, as when science
answers us with a probability when we were expecting a
certainty. If it does not satisfy us, it nevertheless gives us
an answer that is the only possible one.

Having examined the possible limits of science, I now
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come to the study of its frontier relations with other
forms of activity of the human mind. And first of all, the
impact on the external world. Whereas animals are con-
tent to adapt their bodies as best they can to the conditions
in which they are placed, man continues this adaptation.
He does so on the one hand by setting up a system of
ideas in correspondence with all aspects of the universe
and on the other by modifying the environment that sur-
rounds him, in order to bring it into greater harmony
with his own inner structure. Animals also act on their
surroundings to make them more hospitable, but they
always act in accordance with the same plan fixed for
each species by heredity and by instincts. Here too, man
eludes organic evolution and contributes new elements
through individual creation, and he does so along two
lines of evolution of quite different significance.

The one corresponds to artistic production; through it
certain aspects of the external world can be given a form
that proves to correspond directly with certain internal
clements that are a part of our affective heritage, such as
memories, associations having a sentimental value, or even
with vital needs like hunger or sleep. The artist, by virtue
of his constructions, transforms the world that surrounds
!nm—a world which, without being deliberately hostile,
Is normally indifferent if not unfriendly—into a hospitable
world in which we recognize at every moment the pro-
jection of our own internal structure,

We sometimes see landscapes that may be very beauti-
ful, but with a trace of anguish, because of their wildness.
Such landscapes can be transformed by a Le Nétre into
parks. He lays out roads, makes the thickets bloom, iso-
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lates large trees on lawns, places statues and benches in-
viting repose. The landscape has become a universe
humanized both in its details and in its main lines. This
is the role or art.

The other direction in which the world can be changed
is that of technology. The correspondence between objects
manufactured by the technologist and man’s internal
structure is no longer a direct correspondence this time,
for it passes through an activity of his body. The machine
enables man to do better, faster, with less expenditure of
energy, what he might have undertaken with only the
resources of his body. And this develops more and more
through the degrees of the hierarchy of the machines,
from the simplest tool to the great instrument for rapid
calculation or long-distance transport,

Leaving aside the question of the relation between art
and technology, let us turn toward the problem of the
relations between the sciences and the teachings of moral-
ity. The manner in which this question is usually treated is
essentially negative. Science, we are told, is not normative,
it cannot give rise to any categorical imperative, and the
privilege of guiding man in his decisions is reserved solely
to considerations of moral or religious values. Science, at
most, is accorded the right to help man in his actions with
its power, so that he may be better able to apply with full
knowledge the imperative rule that he must follow. Most
representatives of science blithely adopt this attitude, how-
ever negative, because it thus enables them to evade a
very grave problem with which they are deeply concerned.

Recently there has developed among the general public
a tendency to consider particularly the harmful aspects of
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the applications of scientific technology and to attribute
to them a kind of infernal virtue. It is science as such that
is supposed to be responsible for the destructions of the
world wars; it is science that has introduced those frightful
novelties in armament known as asphyxiating gases and
the atomic bomb.

The scientists who have attempted to defend their
science against such accusations have been content to fall
back on the generally accepted opinion that deprives
science of all access to moral values, leaving to it no other
role than that of increasing the power of man over nature.
By withdrawing in this way, by refusing contact, they can
avoid answering the questions that they are asked. An armed
man, they say, is always dangerous. Is there a very great
difference between an entire city put to the sword, pillaged,
burned by the soldiery as was done one or two centuries
ago, and a few thousand lives destroyed by an atomic
bomb, suddenly, during an aerial bombing? What really
counts is the ideologies that are at the basis of human
action: cruelty, violent feelings. The instrument used by
the man who wants to do harm is of only secondary
importance. The two realms have been separated and
everyone appears happy.

Yet this is merely a defensive position, a negative posi-
tion. Is it not possible to go further in the search for a
synthesis between the elements that determine men’s
actions? We must not be satisfied with a defeat of this kind
that would sanction what can be called schizophrenia,
dividing our brain as it does into two parts. 1 propose
that this synthesis, which would bring together the two
elements, be achieved, not by attributing to science a
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pormative role, that is, by extending the realm of science
toward that of ethics, but on the contrary by bringing the
role of the latter toward informative actioms, that is,
toward science. This point of view is in fact not new, but
it has perhaps not been considered rigorously enough to
be truly effective.

Essentially, the problem involves free will. If man, for
each of his actions, can make a choice, he will do so in
the light of a certain number of elements of information.
Among these will be elements of rational, scientific infor-
mation whose role as such no one will dispute. But there
will also be moral elements. Thus the fear of the reproba-
tion of others or the desire to be admired. This does not
mean that man will act only under the sway of the fear of
hell, of prison or of the contempt of his fellows.

Very often the coercive power of this information will
have been forgotten because it has been lost in a too
distant past. It will have left only a sort of conditioned
reflex. We will act under the influence of an impulse that
we do not rationalize and that we feel as a categorical
imperative, but which is in reality an earlier information,
whether it has come to us in the course of our education
or been given to our teachers who have then transmitted
this imperative to us. These are, to all intents and pur-
poses, conditioned reflexes that have become traditional
automatisms. This being the case, is it really possible to
draw a well-defined line between scientific information and
moral information which together define the atmosphere
within which a man must make his decisions?

It appears to me that we might derive from the princi-
ples set forth at the beginning of this lecture, which con-
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stitute a kind of genetics of ideas, a criterion of distinction,
on condition that we consider not only the present state
but the evolution that has preceded it.

We have seen that scientific ideas were selected in such
a way as to make possible a precise, universal correspon-
dence with natural phenomena, depending neither on the
group of which man is a part nor on his traditional train-
ing, but only on the nature of this man and on the struc-
ture of his brain. On the contrary, ideas of the moral type
have been selected through the group or groups of which
the person considered is a part or of which his ancestors
or his teachers have been a part. This amounts to saying
that these ideas do not offer a precise, universal corres-
pondence with external phenomena, but that it is their
repercussions on the behavior of groups that are in corres-
pondence with the universe and that adapt these groups
to the environment in which they are placed.

I should not want to seem to solve by means of 2 few
sophisms the question of the conflict between ethics and
science; accordingly I offer you only some simple indica-
tions of method. It seems to me that the attempt to bring
science and ethics more closely together, that is, to build
normative precepts and rules on scientific knowledge, is
the wrong approach to the problem.

What I propose, quite on the contrary, is to bring ethics
closer to science by reinvesting it, by means of the genetic
theory of moral ideas, with its informative character, pres-
ent or past. If we accept the disappearance of categorical
imperatives, if we admit that man always has a certain
margin of freedom and that his definitive choice is based
on a more or less disguised information that sometimes
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has passed to the stage of a reflex, the problem will be, if
not solved, at least stated on bases that do not rule out
the hope of building an acceptable solution in the future.

But I realize that I am perhaps taking advantage of the
signal privilege conferred by the position of lecturer, the
privilege of being able to speak without being interrupted
or contradicted, without being thrown off the track by
interruptions, expected or unexpected. Many of you must
be thinking at this moment: well and good, as far as in-
formation is concerned, but what about values? It is
through these that the normative quality of ethics makes
itself felt. It is these that guide man’s decision, after all the
information has been given and he has weighed the argu-
ments for and against. Your analysis sidesteps the main
issue.

We shall surely debate this problem in the course of the
discussions that are to follow, but I should merely like to
defend myself against the sin of omission. I have not
forgotten values, even though I have not yet spoken of
them. What I have to say on this score may appear to
many so scandalous that I am not without anxiety at the
moment of formulating it before you. In order to lessen
this great scandal, I should like to prepare you for it by a
small scandal whose terms are, in fact, not my own: very
often, philosophy is nothing more than fossil science. It is
ideas of a scientific kind which have lost that quality be-
cause they have been accepted too long without discussion
and which finally are no longer questioned. They have
become respectable and impressive, like old men, but old
men from whom one no longer receives or expects any
new teaching. This is the first scandal; and now, like
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Flamineo, I am damned and I can therefore allow myself
whatever I wish. Let us go on to values,

Values, generally speaking, are fossil information. They
are ideas of the moral type and even ideas of the rational
type that have aged in ourselves since our youth and also
aged in our group since their introduction. They have
become respectable, unchallengeable, sacred. As their
origin has been lost, they appear at first as transcendental.

A comparison with psychoanalysis may be helpful here.
A patient comes to be psychoanalyzed: He has uncon-
trollable impulses that transcend his will and against
which he is powerless. They are a priori imperatives that
he cannot resist. The doctor explains to him the psycho-

-analytic method and discovers the origin of these impulses
in a past, distant or relatively recent, but in any case
forgotten. He brings out and holds up to the light, as it
were, this fossilized item of information, whose origin
the patient himself has forgotten. As soon as the patient
has understood that this a priori impulse, which he ex-
perienced as something magic and which obliged him to
act, was nothing but an old item of information resulting
from events that he has forgotten, he is cured.

Perhaps we need to cure ourselves of certain values by
clearly recognizing their origin. We would, it may be
added, replace them at once by others, which our present
information would lead us to create in order to guide us
in our actions. It our descendants forget these items of
knowledge, these present reasons that impelled us to
choose this or that way, and accept the injunctions with-
out being aware of where they come from, they will have
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reconstructed incomprehensible values, which they will
obey out of respect for the sacred.

Let us take an example. Doctors have discovered proc-
esses of anesthesia that render many operations painless.
They have then attempted to apply this method to child-
birth, and as the results at the outset were not perfect,
there were people who accused them of destroying a value,
because woman is supposed to bring forth children in sor-
row—or pain. This pain, having in this special case a
particular value, must not be decreased artificially. Medi-
cine has nevertheless progressed and has discovered harm-
less ways, both for the woman and for the child, making
more satisfactory childbirth possible. Consequently, and
fortunately for mothers, this tabu has been relinquished
almost everywhere,

An objection often made to developing scientific infor-
mation at the expense of a realm that until now was re-
served to considerations of another order resides in the
extreme complexity of the situations in which a man may
be placed because he belongs to one or several groups.

When it is a question of measuring a physical magni-
tude, a suitable instrument on which everyone is agreed
suffices: one looks at an ammeter, one takes the reading.
But if it becomes necessary to take into account the inter-
dependence of various personalities, the physical, mental
capacities of various persons, to evaluate the consequences
of an action throughout an administrative or family hier-
archy, it is no longer possible t¢ have recourse to a
scientific method that will give the correct information,
and the experiment is of no help, since what we have is a
unique experiment, a unique situation.
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Without venturing to solve or to indicate ways of solv-
ing these questions, I should like to bring to your atten-
tion the example of a case in which it was recently demon-
strated that if the necessary effort is made, scientific in-
formation can assume a much more considerable place
than it had been vouchsafed up to the present; I am
referring to the introduction of operational research
among the elements of decision of the military command.

Numerous army chiefs have had recourse to technolo-
gists and scientists in order to inform themselves as to
the conditions under which a defensive or offensive action
may be undertaken. In operational research there must be
a thorough recasting of all scientific or parascientific ideas
scattered among military theories, in order to introduce
precise quantitative elements into the information pre-
sented to the command,

First of all, I wish to point out that the conclusions of
the operational investigation are indeed presented as
information, since they are contained in a report delivered
to the desk of the commander-in-chief. Afterward the
scientists who have done the research leave the command
to decide the action to be undertaken on the basis of the
information given. There is no categorical imperative in
science. I recall in the second place that the conclusions
of the operational investigation are delivered to the com-
mand only after a thorough survey, during which the
scientists endeaver to introduce ail the elements, without
exception, that may be instrumental in ensuring the suc-
cess of the undertakings.

The scientist must break through all the hierarchical
barriers, for he places on the same level the answers of
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the enlisted man, of the general or even of the civilian, . .
No file, no establishment, no advice must be closed to him,
and it is only from a synthesis of all the significant ele-
ments that he will have brought together that the investi-
gator will at last be able to draw a conclusion that will
have the required soundness and objectivity. It is worth
noting that the scientists who have been most successful
in this difficult task are not necessarily those who deal
with the most abstract sciences.

It is not the mathematicians but rather the biologists
who are perhaps the most effective. This is because they
are more accustomed to taking into consideration a very
large number of parameters of unequal value. In several
cases it is they who have given the correct solution, far
removed though it may be from the biological field. It was
a scientist who indicated the dimension of the convoys to
be formed with the escorted ships when they crossed the
Atlantic; it was neither a seaman nor a soldier. The suc-
cess was such that the method was extended to quite
different activities, like industrial production, for example.
Here too the problem was not exactly to wipe out all tradi-
tion but rather to bring in these traditional elements, with
their psychological value, on the same footing as purely
scientific elements, that is to say to consider them objec-
tively, to admit their variable nature, to propose trans-
formations of them. .

It is possible, alas, that even as operational research
has been considered to be purely scandalous in its methods
and in its conclusions by numerous military men, the
introduction of the scientific method and spirit into the
totality of elements entering into a human situation may
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be intolerable to many. Yet must we let watertight parti-
tions, like those I referred to a moment ago, be set up be-
tween scientific information and nonscientific information
without attempting, through an effort at unification, to
establish possibilities of comparison and a reciprocal in-
fluence between the different types of information?

The thing appears not so very difficult insofar as the
relations between information of the scientific type and
that which derives from the physiological functions of our
organs, that is, data perceptible to the senses, are con-
cerned. A study of innate or conditioned reflexes, research
on the influence of internal secretions on the activity of
the mind, already constitute a part of the scientific pro-
gram of many laboratories and institutes. We may hope
in this way to obtain a precise and scientific knowledge of
the whole of these influences and to deal with them
objectively.

The question arises as to how to overcome certain
natural items of information by scientific items of infor-
mation, which we do for example when we are given a
very bitter medicine.

The natural information indicates, “It is not good” and
makes us spit it out, while scientific information tells us,
“You must swallow it because it will cure you. ...” We
can imagine that in this way there might be created a
perfectly reasoned inhibitory device that might be very
effective. It is probable that study would also lead to the
recognition of the necessity of letting certain actions occur
freely in the light of information of the natural type, of
the. pbysncal type, in order to maintain adequate function.
This is what has often been described as “safety valves.”
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We have, moreover, a well-known precedent in the
adventure of Ulysses with the sirens. Rational, scientific
information led him to deafen all the crew of his ship.
Since sensual information tempted him to listen neverthe-
less and his intelligence enabled him to foresee his own
irrational impulses, he placed himself under conditions
that were such that no harm could result, Like Ulysses, we
place ourselves from time to time in a situation in which
we cannot do anything foolish before removing the wax
from our ears and listening to the sirens. We renew a
passionate contact with the savagery of our primitive
nature, but if we are well tied, nothing irremediable
happens.

The problem is a good deal deeper when it involves the
relations between scientific information and that which is
contained in the tradition of groups and which is at the
root of their social functioning. It is no longer sufficient
to plug one’s ears and to develop inhibitions in order to
be able to resist the urgings of one of the forms of infor-
mation, on condition that one give oneself respite from
time to time,

Ordinary life presents us at every moment with con-
tradictions between the counsels of scientific reason and
the directives of tradition. The rational manner would
consist first of all in bringing down numerous values from
their transcendental pedestal to confront them on an
equal footing with other scientific or sense “parameters.”
The reasonable choice would then often appear quite
clearly. Yet in the last analysis does there not remain at

least one very general value that carries the decision, at
times unbeknown to us?



Scientific Knowledge / 125

I myself have proposed an ethics of creation that would
keep man in the great strain of evolution toward the
reciprocal adaptation of the microcosm and the macro-
cosm, through scientific ideas, inventions, the arts. But
one may not like this rather dizzy evolution and prefer the
stable and no less real values of maintenance. Is it not, in
the last analysis, temperament that determines the direc-
tion? And does this temperament not bring us back to
genetics and to physiology?

But whatever may be the answer to all these questions,
I should like at least to have shown you once again what a
fine task may be assigned to a total humanism of the future:
that of giving back to man at last a unity that he had
undoubtedly known only once, at the very beginning of
his evolution, when his physiological reflexes acted alone.
At that time he had no anxiety because he obeyed only
his instincts. It was perhaps a golden age, when man did
not yet formulate problems!

If a golden age existed in the distant past, it may also
be envisaged for the future, but this time it would be based
not on elementary needs, but on thought.



	20191220171409_001
	20191220171409_002
	20191220171409_003
	20191220171409_004
	20191220171409_005
	20191220171409_006
	20191220171409_007
	20191220171409_008
	20191220171409_009
	20191220171409_010
	20191220171409_011
	20191220171409_012
	20191220171409_013
	20191220171409_014
	20191220171409_015
	20191220171409_016
	20191220171409_017
	20191220171409_018
	20191220171409_019
	20191220171409_020
	20191220171409_021
	20191220171409_022
	20191220171409_023
	20191220171409_024
	20191220171409_025
	20191220171409_026
	20191220171409_027
	20191220171409_028
	20191220171409_029
	20191220171409_030
	20191220171409_031
	20191220171409_032
	20191220171409_035
	20191220171409_036
	20191220171409_037
	20191220171409_038
	20191220171409_039
	20191220171409_040
	20191220171409_041
	20191220171409_042
	20191220171409_043
	20191220171409_044
	20191220171409_045
	20191220171409_046
	20191220171409_047
	20191220171409_048
	20191220171409_049
	20191220171409_050
	20191220171409_051
	20191220171409_052
	20191220171409_053
	20191220171409_054
	20191220171409_055
	20191220171409_056
	20191220171409_057
	20191220171409_058
	20191220171409_059
	20191220171409_060
	20191220171409_061
	20191220171409_062
	20191220171409_063
	20191220171409_064
	20191220171409_065
	20191220171409_066
	20191220171409_067
	20191220171409_068
	20191220171409_069
	20191220171409_070
	20191220171410_001
	20191220171410_002
	20191220171410_003
	20191220171410_004
	20191220171410_005
	20191220171410_006
	20191220171410_007
	20191220171410_008
	20191220171410_009
	20191220171410_010
	20191220171410_011
	20191220171410_012
	20191220171410_013
	20191220171410_014
	20191220171410_015
	20191220171410_016
	20191220171410_017
	20191220171410_018
	20191220171410_019
	20191220171410_020
	20191220171410_021
	20191220171410_022
	20191220171410_023
	20191220171410_024
	20191220171410_025
	20191220171410_026
	20191220171410_027
	20191220171410_028
	20191220171410_029
	20191220171410_030
	20191220171410_031
	20191220171410_032
	20191220171410_033
	20191220171410_034
	20191220171410_035
	20191220171410_036
	20191220171410_037
	20191220171410_038
	20191220171410_039
	20191220171410_040
	20191220171410_041
	20191220171410_042
	20191220171410_043
	20191220171410_044
	20191220171410_045
	20191220171410_046
	20191220171410_047
	20191220171410_048
	20191220171410_049
	20191220171410_050
	20191220171410_051
	20191220171410_052
	20191220171410_053
	20191220171410_054
	20191220171410_055
	20191220171410_056
	20191220171410_057
	20191220171410_058
	20191220171410_059
	20191220171410_060

