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THE WAVE PROPERTIES OF ELECTRONS'

By Dr. C. J. DAVISSON
THE BELL TELEPHONE LABORATORIES

IN an essay published in a recent issue of the Pro-
ceedings®? our president has explained to us the
nature of thought, and has pointed out its limita-
tions. The circumstance which prompted Dr. Dercum
to undertake the exposition of these interesting mat-
ters is the difficulty experienced in physies at the
present time in forming tangible ' conceptions of
certain processes and certain relationships which
have been discovered since the beginning of this cen-
tury—in particular, the difficulty in forming any
mental picture of the so-called quantum processes or
of visualizing electrons which behave in some cireum-
stances as particles and in others as waves.

If I follow Dr. Dercum, these diffieulties in com-

prehension arise from limitations imposed upon our -

thinking processes by the nature of our neural pro-
toplasm. If we were equipped with a better kind
of protoplasm, one more completely responsive to
stimulations by our environment and capable of a
more varied reaction to these stimulations, our com-
prehension of our environment would be, or at any
rate could be, more complete. Things which are
incomprehensible to us with our present equipment
would in these imagined conditions present fewer
difficulties. An individual who has been blind and
deaf sinee birth is capable necessarily of a less com-
plete appreciation and comprehension of his environ-
ment than one with normal sight and hearing. And
yet the individual with normal sight and hearing is,
as we know, blind and deaf to great ranges of light
and sound frequencies. It is conceivable even that
other forms of stimulation exist in his environment
for which he has evolved no receptors whatever. His
conception of his environment and of the processes
going on within it is, therefore, imperfect and incom-
plete and must forever remain so. This, as T under-
stand it, is Dr. Dercum’s thesis, and it is, I think, a
comforting one, as it offers us a legitimate excuse
for giving our neural protoplasm a much-needed rest.
If elements in our environment are, in the nature
of the case, incomprehensible to us, it is certainly
foolish of us to waste time trying to ecomprehend
them. The difficulty in pursuing this policy is no
doubt that we have no test for distinguishing,
a priori, the comprehensible from the incompre-
hensible.

1 Read at the meeting of the American Philosophical
Society, April 12, 1930.

2 Francis X. Dercum, ‘‘On the Nature of Thought
and Its Limitations,”” Proc. Am. Phil. Soc., 68 (4):
275, 1929.

It is not my purpose to discuss this fascinating
subject, but to explain to you, as well as I can, one
of the circumstances to which it owes its present
interest: namely, the duality of apparently irrecon-
cilable wave and corpuscular properties which char-
acterizes electrons. This matter has not, I think,
been presented previously to the society. Before
speaking of the newly discovered wave properties of
electrons, I shall remind you briefly of some of the
compelling reasons we have for regarding electrons
as particles. It is important to do this in order that
you may appreciate more fully the difficulty involved
in regarding them at the same time as waves.

It was disecovered more than thirty years ago that
the many varied and often beautiful phenomena
which are observed in highly exhausted electrical dis-
charge tubes—Geissler tubes, Crookes tubes, Roent-
gen ray tubes and the like—are due primarily to a
radiation proceeding from the cathodes of these de-
vices. It was revealed in experiments made by J. J.
Thomson in England and by Wiechert in Germany
in the closing years of the last century that beams
of this radiation are deflected in electric and magnetic
fields, in just the manner in whi¢h we should expect
them to be deflected if the radiation were a stream
of swiftly moving negatively charged partjcles. It
was found possible in faet to calculate from measure-
ments of these deflections and other data the veloci-
ties of these hypothetical particles, and also the ratio
of their electrical charge to their mass. The value
found for this ratio was much greater than the
largest displayed by any kind of electrolytic ion, and
from this it was inferred that the particles are much
lighter than the lightest atoms. This evidence of the
existence of a subatomic particle of definite charge
and mass was readily accepted not only because the
evidence was in itself convineing, but also because
the idea was not a new one. The existence of an
ultimate unit of electric charge had already been
inferred from Faraday’s laws of electrolysis, and the
word “electron” had already been coined to designate
this atom of electricity. Also, Lorentz, in attempting
to explain the then recently discovered Zeeman effect,-
had formulated a partially successful theory in which
it was assumed that particles of definite charge and
mass exist within the atom. The value which had to
be assigned to the charge-to-mass ratio of these, in
order to obtain agreement of his theory with Zee-
man’s observations, was the same as that found by
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Thomson and Wiechert in their more direct experi-
ments. ’

During twenty-five years of intensive experimenta-
tion which followed upon the work of Thomson and
‘Wiechert, this conception of the electron as a sub-
atomic negatively charged particle was repeatedly
justified and confirmed by experiments of the most
diversified kinds. Electrons were found to be a
universal constituent of matter. They could be ab-
stracted from any kind of matter in a variety of
ways. They could be vaporized from matter by
heating; they streamed forth under the solicitation
of light and X-rays; they were ejected spontaneously
by radioactive materials. Measurements were made
of their charge, most precisely in the famous oil
drop experiments of Millikan. By combining this
result with the most reliable determinations of the
charge-to-mass ratio, one could write down a value
for the mass of the electron correct probably to
within a few parts in a thousand. Estimates could
be made of its linear dimensions on the assumption
that its mass was entirely electromagnetic. If any
doubt had existed regarding the corpuscular nature
of electrons, it must have been dispelled by the beau-
tiful experiments of C. T. R. Wilson in which the
tracks pursued by individual electrons in traversing
a gas are rendered visible. The discreteness of elec-

trons is further attested by the fluctuations which-

are observed in the current flowing from a heated
filament; these are of just the character and magni-
tude to be expected for the random emission of
charges of the known magnitude of electrons,

The ecorpuscular nature of electronic radiations
had been verified in what seemed every conceivable
way. The conception seemed adequate and sufficient
for all demands which might be made upon it. An
elaborate theory based upon this conception of the
electron had been built up to explain the optical and
electrical properties of matter—and this conception
was fundamental also to the famous theory of the
atom devised by Bohr. It can not be said, however,
that this electron theory of matter was uniformly
suceessful in all its ramifications. It was, in faet,
the deficiencies of this theory together with certain
new conceptions from the field of optics which led
Louis de Broglie to suggest about five years ago
that the conception of the electron as a particle
might in eertain circumstances be found inadequate.
The circumstances contemplated were those in which
the system under. consideration is one of atomie
dimensions. It was de Broglie’s idea that in cases
- of this kind certain waves which he conceived of as
associated with eleetrons might be expected to mani-
fest themselves. The conception grew out of the
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reverse situation in opties in which light had come
to be recognized as having corpuscular as well as
wave properties, out of the mysterious correlation of
frequency and energy which we meet with in quan-
tum phenomena and out of the correlation of mass
and energy which appears in the theory of relativity.
These were the antecedents of de Broglie’s idea, and
yet in the last analysis the idea was arrived at by a
brilliant leap of the imagination.

It has been immensely fruitful. It has led to a
new and remarkably successful conception of the
atom from which the corpuscular electron as an
essential feature has altogether disappeared. The
planetary system of electrons conceived by Bohr is
replaced by a medium continuous though inhomo-
geneous, capable of natural vibrations. The fact
that these vibrations take place in general in a space
of more dimensions than three, and that we have as
yet no idea what it is that vibrates, makes visualiza-
tion of atomiec processes a discouraging enterprise,
and yet this is less disturbing to the theoretical phys-
icist than might be supposed. He has outgrown
the ambition of Lord Kelvin; he no longer tries to
devise a mechanical model of every phenomenon. It
has been discovered, in faet, that a certain esthetie
pleasure is derived from dealing in caleulations with
symbols which evoke no mental pictures whatever.

De Broglie’s idea has been invaluable not only as
the basis of a new theory of the atom, but also as
the basis of an entirely new theory of niechanics.
And in these developments de Broglie has been him-
self a leader. In its turn the new mechanical theory
has suggested experiments by which the wavelike
aspects of electrons might be demonstrated. Many
of these experiments have now been made; it is of
a few of them that I wish particularly to speak.
The simplest of all is the experiment by which it is
demonstrated that electrons are regularly or “specu-
larly” reflected from the surface of a erystal. We
find when a stream of electrons is directed against
the face of a erystal that some of the incident par-
ticles return from it without loss of energy, and
that most of these recede from the crystaI face in
the direction of regular reflection. The observation
is illustrated in Fig. 1. The incident electrons
approach the erystal in this particular case along a
direction which makes an angle of 38° with the nor-
mal to its surface. The curve on the right indicates
the way in which the electrons seattered without loss
of energy are distributed in direction; most of them
depart in a direction lying in the plane of incidence
and making with the normal to the erystal face the
same angle as the incident beam. There is a strong
and well-defined beam of regularly reflected electrons.
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This phenomenon ean not be explained in terms of
atoms and electrons as previously conceived.

Picture the erystal built up of atoms, each of them
enormous in size compared to an electron and each
of them comprising a nucleus surrounded by a large
number of electrons rotating in closed orbits.
. Imagine now .an electron plunging into this galaxy
of planetary systems. It is obviously a comet. The

simplest event which may ensue will be a comet-wise

deflection of the electron in the field of some atom
into which it happens to strike, and then a speeding
away of the electron from the erystal without loss of
energy. The direction taken by the departing elee-
tron will be determined by a number of eircum-
stances, one of which will be the distance from its
line of approach to the nucleus of the atom respon-
sible for its deflection. This distance will be different
for different electrons—and as a consequence elec-
trons will be scattered more or less uniformly in all
‘directions. This is the picture of electrons seattering
in terms of Bohr atoms and purely corpuscular elee-
trons, and it is quite inadequate to explain the strong
beam of electrons which is observed leaving the
crystal in the direction of regular reflection. This
is a direction related to the plane of the ecrystal
surface. Three atoms at least are required to fix
this plane, which means that the incident electron
has its direetion of departure determined not by one
atom alone but by three atoms at least. On the older
view we should have to suppose that the incident
electron in some way takes account of the positions

of not fewer than three atoms, and from character- -

isties of the reflection which I shall mention later we
should have to suppose the actual number to be much
greater—fifty or a hundred at least.

If, on the other hand, we regard the incident beam
as a beam of waves instead of as a stream of par-
ticles, the regular reflection is readily explained; each
wave-front of the beam comes in contaet with all the
atoms, and the regular reflection results, as in the
case of X-rays, from constructive interference among
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the eoherent secondary wave trains proceeding from
the regularly arranged atoms of the crystal. More-
over, this view of the phenomenon enables us to
understand the characteristics of the reflection to
which I have already alluded—namely, the way in
which the intensity of the reflected beam varies with
the speed of the electrons and their angle of
incidence.

The regular reflection of electrons from erystal
surfaces is sufficient to establish the convenience of
the conception that electrons are waves. The use-
fulness of the coneeption is not, however, limited to
this particular phenomenon. There are many ways
of demonstrating that X-rays are waves—or perhaps
we should say, of demonstrating the convenience of
the eonception -that X-rays are waves. Nearly all
these demonstrations have now been made also with
electrons. These include the analogues of the Laue
diffraction of heterogeneous waves by a single erystal,
of the Hull, Debye-Scherrer diffraction of mono-
chromatic waves by ecrystal aggregates and of the
diffraction of monochromatic waves by ruled gratings
and narrow slits. The data of these experiments are
available for the calculation of electron wave-lengths,
and these have the values predicted by de Broglie—a
stream of electrons, each of momentum p, behaves in
these diffraction experiments as a beam of waves of
wave-length inversely proportional to p, the factor of
proportionality being the Planckian constant h.

To illustrate further these newly discovered proper-
ties of electrons I shall show you lantern slides of
two very beautiful diffraction patterns produced
recently by Drs. Eisenhut and Kaupp in the labora-
tory of the I. G. Farbenindustrie at Ludwigshafen
in Germany. The first of these was obtained by
directing a beam of high-speed electrons through a
thin film of silver, and intercepting the transmitted
electrons by a photographic plate. The film is an
aggregate of tiny crystals of random orientation, and
the pattern of rings which appears on the plate is
just the pattern which is calculated from the erystal
structure of silver and the assumption that the ineci-
dent beam is a beam of monochromatic waves. The
wave-length of the waves may be caleulated from the
data of the experiment and compared with the
theoretical wave-length calculated from the momen-
tum of the electrons by means of de Broglie’s for-
mula. The agreement, as has been found in all such
cases, is within the limits of accuracy of the measure-
ment. Diffraction patterns of this kind were first
produced with electrons by G. P. Thomson, of the
University of Aberdeen.

The second pattern I shall show you is by the same
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investigators, and is for electrons of the same speed.
The difference is that the diffracting material is, in
this case, a thin lamina .of mica. Patterns of this
type were produced first by Kikuchi in Japan, and
for some time there was no satisfactory explanation
~of them. The diffracting system is a single erystal;
the electrons are homogeneous in speed, the waves
are monochromatic. Now it is well known to those
familiar with the theory of X-ray diffraction that in
general no pattern is produced when a beam of
monochromatic waves traverses a single stationary
erystal. One or two diffraction beams may possibly
appear, but if so the event will be fortuitous; in
general no beams will be observed other than the
directly transmitted primary beam. Kikuchi should
have known better than to make this experiment, but
he did make it, and this pattern by Drs. Eisenhut
and Kaupp is a beautiful example of the result he
obtained. What appears to be the correct explana-
tion of the production of this pattern has been given
us recently by W. L. Bragg in England and inde-
pendently by S. B. Hendricks in Washington. Bragg
and Hendricks assume that the mica erystal is to a
certain extent a erystal aggregate—not an aggregate
of crystals oriented at random as in the case of the
film of silver, but an aggregate of tiny flakes which
fail to form a perfect crystal only by being tilted
slightly this way and that. This assumption together
with the excessively short wave-length of the high-
speed electrons employed in these experiments is suffi-
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cient to explain the production of this pattern. It
turns out to be, to a close approximation, the pattern
which would be produced if the diffracting systems
were a single layer of molecules instead of some hun-'
dreds of layers as it actually is. These patterns also
are available for caleulating electron wave-lengths,
and again the agreement with the de Broglie formula
is as nearly perfect as can be expected.

These three phenomena which I have deseribed, the
regular reflection of electrons from a crystal surface,
the diffraction of electrons by an aggregate of small
crystals of silver and the diffraction by mieca, illus-
trate the circumstances in which it is convenient to
regard electrons as waves rather than as particles.
Whether or not it is possible to achieve a unified
conception of electrons in which these newly discov-
ered wave properties appear consistent with their
longer known corpuscular properties, or whether such
an achievement is beyond the limits of thought, is a
question which does not worry the experimental
physicist a great deal. It used to be said that a
physicist regards light as a wave phenomenon on
Mondays, Wednesdays and Fridays, and as a cor-
puscular phenomenon on the other days of the week.
This statement must now be extended to include elee-
trons, and modified, I think, to state that he regards
light and electrons as both waves and particles on all
days of the week. And it might be added that
familiarity with this idea is dulling his sense to its
paradoxical nature.

IN HONOR OF DR. WELCH'

I INTENDED to throw away my manuseript, but I
find that I can hardly trust myself to speak without
it. I must speak in my own person and not in that
of the idealized figure which has been presented to
you.

It is quite beyond my power of words to express
the thoughts and the feelings of gratitude which this
wonderful oceasion has aroused in me. Did I acecept
merely as a personal tribute these words of praise
and this manifestation of appreciation and good-will
marked by this large and distinguished gathering and
by meetings elsewhere, I should be overpowered with
a sense of unreality depriving me of utterance, but
I shall assume, as I feel that I am justified in doing,
that, by virtue of certain pioneering work and
through over a half century of service, I stand here
to represent an army of teachers, investigators, pu-

1 Response of Dr. William Henry Welch, delivered in
Memorial Continental Hall, Washington, D. C., at the
ceremonies celebrating his eightieth birthday, April 8,

1930. The address of President Hoover was printed in
the issue of SciENCE for April 18, p. 411.

pils, associates and colleagues, whose work and con-
tributions during this period have advanced the sci-

"ence and art of medicine and public health to the

eminent position which they now hold in this country.

It is, then, in this representative capacity, as well
as personally, that, first of all, I express to you, Mr.
President, immeasurable gratitude for the distinetion
which you lend to this occasion by your presence and
active participation. You will permit me to add, Sir,
that your presence and generous words of apprecia-
tion have a significance not measured solely by the
high office which you hold, for you speak with the
authority of one who has made memorable and out-
standing contributions not only to this nation but to
the whole world in the field of public health and |
social service, especially to the most appealing part
of this domain, the health and welfare of infants and
children.

And to you, President Farrand, and to you, my old
friend and pupil, Dr. Flexner, who have spoken here
so eloquently, even if in words all too generous so far



