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very act, the magnitudes belonging to the
other picture more and more vague. To-
gether, the two sets of concepts give a full
description of all we know now about the
material universe; separately, each can
represent only one aspect of it.

There are eminent scientists who are dis-
satisfied with this dual picture, which implies
renunciation of strict causal interpretation
of the behavior of elementary particles, re-
placing it by stadstical laws of probability
determined by the propagation of the cor-
related waves. But the majority believe that
this duality is not a temporary weakness of
theory, but represents the ultimate realiza-
tion of the capacity to understand the
material world possible for man as a sensing
organism. They consider the dualistic picture
created by Bohr's complementarity principle
and Heisenberg’s uncertainty relation as
logically satisfactory. The apparent contra-
diction of the wave and the particle pictures
is, in their eyes, only a weakness of traditional
ways of thinking, based on observations of
macroscopic objects.

I believe that acceptance of the legitimate
existence of two physical pictures—incom-
patible on the surface but never contradictory
inpredicting future observations—implies
a major revolution in man’s concept of the
world. It offers a glimpse of how the ap-
parent contradiction between the material
and the spiritual elements in human existence
could be ultimately resolved.

There is obviously no simple analogy
between the particle and the wave aspects

of the material world and the spiritual and
the material aspects of human existence, but
it suggests that the modes of interaction be-
tween man and the world around him may,
by their very nature, make it impossible to
form a unified picture, and requires **coexis-
tence” of two (or perhaps more) independent
systems of concepts and reladons. If the
analogy holds, the two systems can become
contradictory only if one of them is applied
to the types of observations which righdully
belong to the other.

The spiritual aspect of the world is, then,
not contradictory to and not separable from
its material aspect; it is complementary to
it. The existence of spiritual forces cannot
reveal itself, as many believe, in occasional
violations of the laws which govern the
material world. Rather, the whole world
confronted by man has its spiritual and its
material aspects. The material aspects reveal
themselves to man through his sense organs,
refined by instruments. These organs or in-
struments could not reveal the existence and
operation of the spiritual forces even if each
event in the world has its physical as well as
its spiritual aspects, because by the very
process of observation of material para-
meters, the spiritual ones are made diffuse
and escape observation.

The more we will learn about the physical
aspects of the physiological processes which
accompany man’s thoughts and emotions,
the vaguer will become their spiritual con-
tent. We may be able to induce emotions and
visions by drugs; but this only illustrates the
coupling of physicochemical and spiritual
experience, and does not make the one
“explain” the other.
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6.1 The Roots of Atomic Science
Werner Heisenberg

The concept of the atom goes back much
further than the beginning of modern science
in the seventeenth century; it has its origin
in ancient Greek philosophy and was in that
carly period the central concept of material-
ism taught by Leucippus and Democritus.
On the other hand, the modern interpreta-
tig.n of atomic events has very little resem-
blance to genuine materialistic philosophy;
in fact, one may say that atomic physics has
wrned science away from the materialistic
trend it had during the nineteenth century.
It is therefore interesting to compare the
development of Greek philosophy toward
the concept of the atom with the present
position of this concept in modern physics.

In the philosophy of Democritus the atoms
are eternal and indestructible units of matter,
they can never be transformed into each
other. With regard to this question modern
physics takes a definite stand against the
materialism of Democritus and for Plato
and the Pythagoreans. The elementary parti-
cles are certainly not eternal and indestruct-
ible units of matter, they can actually be

ransformed into each other. As a matter
of face, if two such particles, moving through
space with a very high kinetic energy, collide,
then many new elementary particles may be
created from the available energy and the
old particles may have disappeared in the
collision. Such events have been frequently
observed and offer the best proof that all
particles are made of the same substance:
energy. But the resemblance of the modern
views to those of Plato and the Pythagoreans
can be carried somewhat further. The ele-
mentary particles in Plato’s Timaeus are
finally not substance but mathematical
forms. *‘All things are numbers”’ is a sentence
attributed to Pythagoras. The only mathe-
matical forms available at that time were such
geometric forms as the regular solids or the
triangles which form their surface.

In modern quantum theory there can
be no doubt that the elementary particles
will finally also be mathematical forms, but
of a much more complicated nature. The
Greek philosophers thought of static forms
and found them in the regular solids. Modern
science, however, has from its beginning in
the sixteenth and seventeenth centuries
started from the dynamic problem. The

SOURCE. From Physics and Philosophy, First ed. (New York: Harper and Row, 1958) ; copyright 1958 by Werner
Heisenberg, reprinted by permission of Harper and Row Publishers, Inc.
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constant element in physics since Newton
is not a configuration or a geometrical form,
but a dynamic law. The equation of mation
holds at all times, it is in this sense eternal,
whereas the geometrical forms, like the
orbits, are changing. Therefore, the mathe-
matical forms that represent the elementary
particles will be solutions of some eternal
law of motion for matter. Actually this is a
problem which has not yet been solved. The
fundamental law of motion for matter is not
yet known and therefore it is not yet possible
to derive mathematically the properties of
the elementary particles from such a law.
But theoretical physics in its present state
seems to be not very far from this goal . ..

If we follow the Pythagorean line of
thought we may hope that the fundamental
law of motion will turn out as a mathe-
matically simple law, even if its evaluation . . .
may be very complicated. It is difficult 1o
give any good argument for this hope for
simplicity—except the fact thatit has hitherto
always been possible to write the funda-
mental equations in physics in simple mathe-
matical forms. This fact fits in with the
Pythagorean religion, and many physicists
share their belief in this respect, but no con-
vincing argument has yet been given to show
that it must be so.

It may seem at first sight that the Greek
philosophers have by some kind of ingenious
intuition come to the same or very similar
conclusions as we have in modern times only
after several centuries of hard labor with
experiments and mathematics. This inter-
pretation of our comparison would, how-
ever, be a complete misunderstanding. There
is an enormous difference between modern
science and Greek philosophy, and that is
just the empiristic attitude of modern science.
Since the time of Galileo and Newton,
modern science has been based upon a de-
tatled study of nature and upon the postulate

that only such statements should be made,
as have been verified or at least can be
verified by experiment. The idea that one
could single out some events from nature
by an experiment, in order to study the de-
tails and to find out what is the constant law
in the continuous change, did not occur to
the Greek philosophers. Therefore, modern
science has from its beginning stood upon
a much more modest, but at the same time
much firmer, basis than ancient philosophy.
Therefore, the statements of modern physics
are in some way meant much more seriously
than the statements of Greek philosophy.
When Plato says, for instance, that the small-
est particles of fire are tetrahedrons, it is
not quite easy to see what he really means.
Is the form of the tetrahedron only symboli-
cally attached to the element fire, or do the
smallest particles of fire mechanically act
as rigid tetrahedrons or as elastic tetra-
hedrons, and by what force could they be
separated into the equilateral triangles, etc.?
Modern science would finally always ask:
How can one decide experimentally that the
atoms of fire are tewahedrons and not
perhaps cubes? Therefore, when modern
science states that the proton is a certain
solution of a fundamental equation of matter
it means that we can from this solution de-
duce mathematically all possible properties
of the proton and can check the correctness
of the sojution by experiments in every detail.
This possibility of checking the correciness
of a statement experimentally with very high
precision and in any number of details gives
an enormous weight to the statement that
could not be attached to the statements of
early Greek philosophy.

All the same, some statements of ancient
philosophy are rather near to those of
modern science. This simply shows how far
one can get by combining the ordinary ex-
perience of nature that we have without doing
experiments with the untiring effort to get
some logical order into this experience to
understand it from general principles.
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6.2 Note on the Spectral Lines of Hydrogen
Johann Jacob Balmer

Using measurements by H. W. Vogel and
by Huggins of the ultraviolet lines of the
hydrogen spectrum I have tried to derive a
formula which will represent the wavelengths
of the different lines in a satisfactory manner.
I was encouraged to take up this work by
Professor E. Hagenbach. Angstrom’s very
exact measurements of the four hydrogen
lines enable one to determine a common
factor for their wavelengths which is in as
simple a numerical relation as possible to
these wavelengths. I gradually arrived at a
formula which, at least for these four lines,
expresses a law by which their wavelengths
can be represented with striking precision.
The common factor in this formula, as it
has been deduced from Angstrom’s measure-
ments, is b = 3645.6 cm/10%).

We may call this number the fundamental
number of hydrogen; and if correspond-
ing fundamental numbers can be found for
the spectral lines of other elements, we may
accept the hypothesis that relations which
can be expressed by some function exist be-

According to the formula

do not form a regular series; but if we
multiply the numerators in the second and
the fourth terms by 4 a consistent regularity
is evident and the coefficients have for
numerators the numbers g2, 42, 52, 62 and for
denominators a number thatisless by 4.

For several reasons it seems to me prob-
able that the four coefficients which have
just been given belong to two series, so that
the second series includes the terms of the
first series; hence I have finally arrived at
the present formula for the coefficients in
the more general form: m? / (m* — n?) in
which m and » are whole numbers.

For n = 1 we obtain the series 4/3, 9/8,
16/15, 25/ 24, and so on for n = 2 the series
9/5, 16/12, 25/21, 36/32, 49/45, 64/60,
81/77, 100/96, and so on. In this second
series the second term is already in the first
series but in a reduced form.

If we carry out the calculation of the wave-
lengths with these coefficients and the funda-
mental number 3645.6, we obtain the follow-
ing numbers in 10 ~*cm.

TABLE 6.2—1
Rngsm‘im gives Difference
Ha (C-line) = 3 = 6562.08 6562.10 +0.0%
Hp (F-line) = $b = 4860.8 4860.74 —0.06
Hp(near G) = ##6 = 4340 4340.1 +o.1
H3 (h-line) = §b = 4101.3 4101.2 —0.1

tween these fundamental numbers and the
corresponding atomic weights.

The wavelengths of the first four hydrogen
lines are obtained by multiplying the funda-
mental number & = 3645.6 in succession by
the coefficients 9/5; 4/3; 25/21; and ¢/8. At
first it appears that these four coefficients

The deviations of the formula from
Rngsm’im’s measurements amount in the
most unfavorable case to not more than
1/40,000 of a wavelength, a deviation which
very likely is within the limits of the pos-
sible errors of observation and is really serik-
ing evidence for the great scientific skill and

SOURCE. From Annalen de Physik and Chemie 25: 80 (1885). Translated by H. A. Boorse and L. Moz, Ed. of
The World of the Atem (New York: Basic Book; 1966), p. 365.
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care with which :\ngstrém must have work-
ed. :
" From the formula we obtained for a fifth
hydrogen line 49/45 X 3645.6 = 8969.65 X
10~* cm. I knew nothing of such a fifth line,
which must lie within the visible part of the
?cctrum just before H,(which according to
ngstrém has a wavelength 3968.1); and 1
had to assume that either the temperature
relations were not favorable for the emission
of this line or that the formula was not
generally applicable.

On communicating this to Professor
Hagenbach he informed me that manymore
hydrogen lines are known, which have been
measured by Vogel and by Huggins in the
violet and the ultraviolet parts of the
hydrogen spectrum and in the spectrum of
the white stars; he was kind enough himself
to compare the wavelengths thus determined
with my formula and to send me the result.

While the formula in general gives some-
what larger numbers than those contained
in the published lists of Vogel and of
Huggins, the difference between the cal-
culated and the observed wavelengths is so
small that the agreement is striking in the
highest degree. Comparisons of wavelengths
measured by different investigators show
in general no exact agreement; and yet the
observations of one man may be made to
agree with those of another by a slight
reduction in an entirely satisfactory way.

[Here Balmer compares the wavelengths
calculated from his formula with the mea-
surements of several observers—Ed.]

These comparisons show that the formula
holds also for the fifth hydrogen line, which
lies just before the first Fraunhofer H-line
(which belongs to calcium). It also appears
that Vogel’s hydrogen lines and the cor-
responding Huggins lines of the white stars
can be represented by the formula very satis-
factorily. We may almost certainly assume
that the other lines of the white stars which
Huggins tound farther on in the ultraviole
part of the spectnam will be expressed by the
totnoebe 1 Lach knowledge ol the wave
lengtle Uag the undamental snber
W, e we hitain accondimg o the tonmula

for the ninth and the following hydrogén
lines up to the fifteenth:

Hb=3770.24  Hib=3711.58
11b =3749.76 #b =3703.46
Hib=3735.98 36 =3696.76
b =3721.55

Whether the hydrogen lines of the white
stars agree with the formula to this point or
whether other numerical relations gradually
replace it can only be determined by observa-
tion.

I add to what I have said a few questions
and conclusions.

Does the above formula hold only for the
single chemijcal element hydrogen, and will
not other fundamental numbers in the
spectral lines of other elements be found
which are peculiar to those elements? If not,
we may perhaps assume that the formula
that holds for hydrogen is a special case of
a more general formula which under certain
conditions goes over into the formula for
the hydrogen lines.

None of the hydrogen lines which cor-
respond to the formula whenn = g, 4,and
so on, and which may be called lines of the
third or fourth order, is found in any
spectrum as yet known; they must be emitted
under entirely new relations of temperature
and pressure if they are to become percepti-
ble.

If the formula holds for all the principal
lines of the hydrogen spectrum with n = g, it
follows that these spectral lines on the
ultraviolet side approach the wavelength
8645.6 in a more closely packed series, but
they can never pass this limiting value, while
the C-line also is the extreme line on thered
side. Only if lines of higher ordersare present
can lines be found on the infrared side.

The formula has no relation, so far as can
be shown, with the very numerous lines of
the second hydrogen spectrum which Has-
selberg has published in the Mémoires de
l’Academie des Sciences de St. Petersbourg, 1882.

For cerain values of pressure and temper-
ature hydiogen may casily change in such a
way that the law of formation of its spectral

lines becomes enuely difterent.

-
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There are great difficulties in the way of
finding the fundamental numbers for other
chemical elements, such as oxygen or carbon,
by means of which their principal spectral
lines can be determined from the formula.
Only extremely exact determinations of
wavelengths of the most prominent lines of

an element can give a common base for these
wavelengths, and without such a base it
seems as if all trials and guesses will be in
vain. Perhaps by using a different graphical
construction of the spectrum a way will be
found to make progress in such investiga-
tions.

6.3 On the Constitution of Atoms and Molecules
Niels Bohr
INTRODUCTION electrification, inside which the electrons

In order to explain the results of experi-
ments on scattering of a rays by matter Prof.
Rutherford has given a theory of the structure
of atoms. According to this theory, the atoms
consist of a positively charged nucleus sur-
rounded by a system of electrons kept to-
gether by attractive forces from the nucleus;
the total negative charge of the electrons is
equal to, the positive charge of the nucleus.
Further, the nucleus is assumed to be the seat
of the essential part of the mass of the atom,
and to have linear dimensions exceedingly
small compared with the linear dimensions of
the whole atom. The number of electrons in
an atom is deduced to be approximately
equal to half the atomicweight. Greatinterest
is to be attributed to this atom-model; for,
as Rutherford has shown, the assumption of
the existence of nuclei, as those in question,
seems to be necessary in order to accountfor
the results of the experiments on large angle
scattering of the a rays.

In an attempt to explain some of the pro-
perties of matter on the basis of this atom-
model we meet, however, with difficulties of
a serious nature arising from the apparent
instability of the system of electrons: dif-
ficulties purposely avoided in atom-models
previously considered, for instance, in the
one proposed by Sir J. ]. Thomson. Accord-
ing to the theory of the latter the atom
consists of a sphere of uniform positive

SOURCE. From the Philosophical Magazine 26: 1 (1913).

move in circular orbits.

The principal difference between the
atom-models proposed by Thomson and
Rutherford consists in the circumstance that
the forces acting on the electrons in the atom-
model of Thomson allow of certain con-
figurations and motions of the electrons for
which the system is in a stable equilibrium;
such configurations, however, apparently
do not exist for the second atom-model. The
nature of the difference in question will
perhaps be most clearly seen by noticing that
among the quantities characterizing the first
atom a quantity appears—the radius of the
positive sphere—of dimensions of a length
and of the same order of magnitude as the
linear extension of the atom, while such a
length does not appear among the quantities
characterizing the second atom, viz. the
charges and masses of the electrons and the
positive nucleus; nor can it be determined
solely by help of the latter quantities.

The way of considering a problem of this
kind has, however, undergone essential
alterations in recent years owing to the devel-
opment of the theory of the energy radiation,
and the direct affirmation of the new as-
sumptions introduced in this theory, found
by experiments on very different phenomena
such as specific heats, photoelectric effect,
Rontgen-rays, etc. The result of the discus-
sion of these questions seems to be a general
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acknowledgment of the inadequacy of the
classical electrodynamics in describing the
behavior of systems of atomic size. What-
ever the alteration in the laws of motion of
the electrons may be, it seems necessary to
introduce in the laws in question a quantity
foreign to the classical electrodynamics, i.e.
Planck’s constant, or as it often is called the
elementary quantum of action. By the intro-
duction of this quantity the question of the
stable configuration of the electrons in the
atoms is essentially changed, as this constant
is of such dimensions and magnitude thatit,
together with the mass and charge of the
particles, can determine a length of the order
of magnitude required.

This paper is an attempt to show that the
application of the above ideas to Ruther-
ford’s atom-model affords a basis for a
theory of the constitution of atoms. It will
further be shown that from this theory we
are led to a theory of the constitution of
molecules.

In the present first part of the paper the
mechanism of the binding of electrons by
a positive nucleus is discussed in relation to
Planck’s theory. It will be shown that it is
possible from the point of view taken to
account in a simple way for the law of the
line spectrum of hydrogen. Further, reasons
are given for a principal hypothesis on which
the considerations contained in the following
parts are based.

I wish here to express my thanks to Prof.
Rutherford for his kind and encouraging
interest in this work.

BINDING OF ELECTRONS BY POSITIVE
NUCLE!l

General Considerations. The inadequacy of
the classical electrodynamics in accounting
for the properties of atoms from an atom-
model as Rutherford’s, will appear very
clearly if we consider a simple system con-
sisting of a positively charged nucleus of
very small dimensions and an electron de-
scribing closed orbits around it. For simplic-

ity, let us assume that the mass of the electron
is negligibly small in comparison with that
of the nucleus, and further, that the velocity
of the electron is small compared with thatof
light.

Let us at first assume that there is no
energy radiation. In this case the electron
will describe stationary elliptical orbits. The
frequency of revolution w and the major-axis
of the orbit 2a will depend on the amount of
energy W which must be transferred to the
system in order to remove the electron to
an infinitely great distance apart from the
nucleus. Denoting the charge of the electron
and of the nucleus by —e and Ze, respectively,
and the mass of the electron bym, we thus get

Viwh oz
W= ——— 20 = — (1)
nZe* Vm w

Further, it can easily be shown that the mean
value of the kinetic energy of the electron
taken for a whole revolution is equal to W.
We see that if the value of W is not given, there
will be no values of w and a characteristic
for the system in question.

Let us now, however, take the effect of the
energy radiation into account, calculated in
the ordinary way from the acceleration of the
electron. In this case the electron will no
longer describe stationary orbits. “W” will
continuously increase, and the electron will
approach the nucleus describing orbits of
smaller and smaller dimensions, and with
greater and greater frequency; the electron
on the average gaining in kinetic energy at
the same time as the whole system loses
energy. This process will go on undl the
dimensions of the orbit are of the same order
of magnitude as the dimensions of the elec-
tron or those of the nucleus. A simple cal-
culation shows that the energy radiated out
during the process considered will be enor-
mously great compared with that radiated
out by ordinary molecular processes.

It is obvious that the behavior of such
a system will be very different from that of

Some of the notation in this section has been changed t conform with modern practice. [Ed.]

an atomic system occurring in nature. In the
first place, the actual atoms in their per-
manent state seem to have absolutely fixed
dimensions and frequencies. Further, if we
consider any molecular process, the result
seems always to be that after a certain amount
of energy characteristic for the systems in
question is radiated out, the systems will
again settle down in a stable state of equilib-
rium, in which the distances apart of the
partices are of the same order of magnitude
as before the process.

Now the essential point in Planck’s theory
of radiation is that the energy radiation from
an atomic system does not take place in the
continuous way assumed in the ordinary
electrodynamics, but that it, on the contrary,
takes place in distinctly separated emissions,
the amount of energy radiated out from an
atomic vibrator of frequency v in a single
emission being equal to nhv, where n is an
integer number, and h is a universal constant.

Returning to the simple case of an electron
and a positive nucleus considered above,
let us assume that the electron at the begin-
ing of the interaction with the nucleus was
at a great distance apart from the nucleus,
and had no sensible velocity relative to the
latter. Let us further assume that the electron
after the interaction has taken place has
settled down in a stationary orbit around
the nucleus. We shall, for reasons referred
to later, assume that the orbit in question
is circular; this assumption will, however,
make no alteration in the calculations for
systems containing only a single electron.

Let us now assume that, during the binding
of the electron, a homogeneous radiation
is emitted of a frequency v equal to half the
frequency of revolution of the electron in
its final orbit; then, from Planck’s theory,
we might expect that the amount of energy
emitted by the process considered is equal

to mhy, where h is Planck’s constant and n an
integer number. If we assume that the radia-
tion emitted is homogeneous, the second
assumption concerning the frequency of the
radiation suggests itself, since the frequency
of revolution of the electron at the beginning
of the emission is o. . . . The question, how-
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ever, of the rigorous validity of both assump-
tions, and also of the application made of
Planck’s theory, will be more closely dis-
cussed in [the section entitled “*General Con-
siderations Continued.”]

Putting

W= nh%, (2)
we get by help of the formula (1)

entmZe*
w=2222

nh?
_ yimZiet
T (3)

nth?

= oemze

If in these expressions we give n different
values, we get a series of values for W, w and
a corresponding to a series of configurations
of the system. According to the above con-
siderations, we are led to assume that these
configurations will correspond to states of
the system in which there is no radiation of
energy; states which consequently will be
stationary as long as the system is not dis-
turbed from outside. We see that the value of
W is greatest if n has its smallest value 1. This
case will therefore correspond to the most
stable state of the system, i.e. will correspond
to the binding of the electron for the breaking
up of which the greatest amount of energy
is required.

Putting in the above expressions n = 1
and Z = 1, and introducing the experimental
values

¢= 4.7 X 10 "®statcoul,

e
o= 531 X 10'" statcoul/g,
k= 6.5 X 1077 erg-sec,

we get
2a = 1.1 X 10”°% cm,

w = 6.2 X 10'® sec !,
W =13 eV.

‘We see that these values are of the same
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order of magnitude as the linear dimensions
of the atoms, the optical frequencies, and
the ionization energies.

The general imporiance of Planck’s theory
for the discussion of the behavior of atomic
systems was originally pointed out by
Einstein. The consideratons of Einstein
have been developed and applied on a
number of different phenomena, especially
by Stark, Nernst, and Sommerfeld. The
agreement as to the order of magnitude
between values observed for the frequencies
and dimensions of the atoms, and values for
these quantities calculated by considerations
similar to those given above, has been the
subject of much discussion. Itwas first point-
ed out by Haas, in an attempt to explain the
meaning and the value of Planck’s constant
on the basis of J. J. Thomson’s atom-model,
by help of the linear dimensions and fre-
quency of an hydrogen atom.

Systems of the kind considered in this
paper, in which the forces between the
particles vary inversely as the square of the
distance, are discussed in relation to Planck’s
theory by J. W. Nicholson. In a series of
papers this author has shown that it seems
to be possible to account for lines of hitherto
unknown origin in the spectra of the stellar
nebulae and that of the solar corona, by
assuming the presence in these bodies of
certain hypothetical elements of exactly
indicated constitution. The atoms of these
elements are supposed to consist simply of
a ring of a few electrons surrounding a
positive nucleus of negligibly small dimen-
sions. The ratios between the frequencies
corresponding to the lines in question are
compared with the ratios between the fre-
quencies corresponding to different modes
of vibration of the ring of electrons. Nichol-
son has obtained a relation to Planck’s
theory showing that the ratios between the
wave length of different sets of lines of the
coronal spectrum can be accounted for with
great accuracy by assuming that the ratio
between the energy of the system and the
frequency of rotation of the ring is equal
to an integer multiple of Planck’s constant.
The quantity Nicholson refers to as the

energy is equal to twice the quantity which
we have denoted above by W. In the latest
paper cited Nicholson has found it neces-
sary to give the theory a more complicated
form, stll however, representing the ratio
of energy to frequency by a simple function
of whole numbers.

The excellent agreement between the cal-
culated and observed values of the ratios
between the wave lengths in question seems
a strong argument in favor of the validity
of the foundation of Nicholson’s calcula-
tions. Serious objections, however, may be
raised against the theory. These objections
are intimately connected with the problem of
the homogeneity of the radiation emitted. In
Nicholson’s calculations the frequency of
lines in a line-spectrum is identified with the
frequency of vibration of a mechanical system
in a distinctly indicated state of equilibrium.
As a relation from Planck’s theory is used,
we might expect that the radiation is sent
out in quanta; but systems like those con-
sidered, in which the frequency is a function
of the energy, cannot emit a finite amount of
a homogeneous radiation; for, assoon as the
emission of radiation is started, the energy
and also the frequency of the system are
altered. Further, according to the calculation
of Nicholson, the systems are unstable for
some modes of vibration. Apart from such
objections—which may be only formal—it
must be remarked, that the theory in the form
given does not seem to be able to account
for the well-known laws of Balmer and
Rydberg connecting the frequencies of the
lines in the line-spectra of the ordinary
elements.

It will now be attempted to show thatthe
difficulties in question disappear if we con-
sider the problems from the point of view
taken in this paper. Before proceeding it
may be useful to restate briefly the ideas
characterizing the calculations [following
formulas (2) and (3)). The principal assump-
tions used are:

(1} That the dynamical equilibrium of
the systems in the stationary states can be
discussed by help of the ordinary mechanics,

B — W
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while the passing of the systems between
different stationary states cannot be treated
on that basis.

(2) That the latter process is followed
by the emission of a homogeneous radiation,
for which the relation between the frequency
and the amount of energy emitted is the one
given by Planck’s theory.

The first assumption seems to present
itself; for it is known that the ordinary
mechanics cannot have an absolute validity,
but will only hold in calculations of certain
mean values of the motion of the electrons.
On the other hand, in the calculations of
the dynamical equilibrium in a stationary
state in which there is no relative displace-
ment of the particles, we need not distinguish
between the actual motions and their mean
values. The second assumption is in obvious
contrast to the ordinary ideas of electro-
dynamics, but appears to be necessary in
order to account for experimental facts.

In the calculations [‘j)ust referred to] we
have further made use of the more special
assumptions, viz. that the different stationary
states correspond to the emission of a dif-
ferent number of Planck’s energy quanta, and
that the frequency of the radiation emitted
during the passing of the system from a
state in which no energy is yet radiated out
to one of the stationary states, is equal to
half the frequency of revolution of the elec-
tron in the latter state. We can, however, also
arrive at the expressions (g) for the stationary
states by using assumptions of somewhat
different form. We shall, therefore, postpone
the discussion of the special assumptions,
and first show how by the help of the above
principal assumptions, and of the expres-
sions (g) for the stationary states, we can
account for the line-spectrum of hydrogen.

Emission of Line-Spectra. SPECTRUM OF
HYDROGEN. General evidence indicates that
an atom of hydrogen consists simply of a
single electron rotating round a positive
nucleus of charge ¢. The re-formation of a
hydrogen atom, when the electron has been
removed to great distances away from the
nucleus—e.g. by the effect of electrical dis-

charge in a vacuum tube—will accordingly
correspond to the binding of an electron by
a positive nucleus considered [earlier]. Ifin
(3) we put Z = 1, we get for the total amount
of energy radiated out by the formation of
one of the stationary states,

_ antmet

Wa =~

The amount of energy emitted by the pass-
ing of a system from a state corresponding to
n = n, to one corresponding to n = n,, is
consequently '

W= W === ~73)

If now we suppose that the radiation in
question is homogeneous, and that the
amount of energy emitted is equal to hv,
where v is the frequency of the radiation, we
get

TR W e @
We see that this expression accounts for
the law connecting the lines in the spectrum
of hydrogen. If we putn, = 2 and letn, vary,
we get the ordinary Balmer series. If we put
n, = 8, we get the series in the infra-red
observed by Paschen and previously suspect-
ed by Ritz. f we putn, = 1andn, = 4,5,. .,
we get series respectively in the extreme ultra-
violet and the extreme infra-red, which are
not observed, but the existence of which may
be expected.
The agreement in question is quantitative
as well as qualitative. Putting

e = 4.7 X 107! statcoul,
7_"';= 5.31 X 107 statcoul/g,

and h = 6.5 X 1072 erg-sec,

=3.1 X10%sec™ -

The observer value for the factor outside
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the bracket in the formula (4) is
3.290 X 10'*sec.”!.

The agreement between the theoretical and
observed values is inside the uncertainty due
to experimental errors in the constants enter-
ing in the expression for the theoretical value.
We shall return to consider the possible
importance of the agreement in question.

It may be remarked that the fact, that it
has notbeen possible to observe more than 12
lines of the Balmer series in experiments with
vacuum tubes, while 33 lines are observed in
the spectra of some celestial bodies, is just
whatwe should expect from the above theory.
According to the equation (3) the diameter of
the orbit of the electron in the different
stationary states is proportional to n?. For
n = 12 the diameter is equalto 1.6 X 10~ ¢cm,
or equal to the mean distance between the
molecules in a gas at a pressure of about 7
mm mercury; forn = 33 thediameterisequal
to 1.2 X 1072 cm, corresponding to themean
distance of the molecules at a pressure of
about 0.02 mm mercury. According to the
theory the necessary condition for the appear-
ance of a great number of lines is therefore
a very small density of the gas; for simulta-
neously to obtain an intensity sufficient for
observation the space filled with the gas must
be very great. If the theory is right, we may
therefore never expect to be able in experi-
ments with vacuum tubes to observe the lines
corresponding to high numbers of the Bal-
mer series of the emission spectrum of
hydrogen; it might, however, be possible to
observe the lines by investigation of the
absorption spectrum of this gas [see section
entitled **Absorption of Radiation”]. «

It will be observed that we in the above
way do not obtain other series of lines, gener-
ally ascribed to hydrogen; for instance, the
series first observed by Pickering in the
spectrum of the star { Puppis, and the set of
series recently found by Fowler by experi-
ments. with vacuum tubes containing a
mixture ol hydrogen and helium. We shall,
however, see that, by help ol the above
theory, we can account naturally for these
series of lines i we ascribe them to helium.

A neutral atom of the latter element con-
sists, according to Rutherford’s theory, of
a positive nucleus of charge 2¢ and two
electrons. Now considering the binding of
a single electron by a helium nucleus, we get,
putting Z = 2 inthe expressions(3), and pro-
ceeding in exactly the same way as above,

aimet f 1 1
ey e
2} 2

If we in this formula putn, = 10rn, = 2,
we get series of lines in the extreme ultra-
violet. If we put n, = 3, and let n, vary, we
get a series which includes ¢ of the series
observed by Fowler, and denoted by him as
the first and second principal series of the
hydrogen spectrum. If we put n, = 4, we get
the series observed by Pickering in the
spectrum of { Puppis. Every second of the
lines in this series is identical with a line in
the Balmer series of the hydrogen spectrum;
the presence of hydrogen in the star in
question may therefore account for the fact
that these lines are of a greater intensity than
the rest of the lines in the series. The series
is also observed in the experiments of Fowler,
and denoted in his paper as the Sharp series
of the hydrogen spectrum. If we finally in the
above formula put n, =35, 6, ..., we get
series, the strong lines of which are to be
expected in the infra-red.

The reason why the spectrum considered
is not observed in ordinary helium tubes may
be that in such tubes the ionization of
helium is not so complete as in the star con-
sidered or in the experiments of Fowler,
where a strong discharge was sent througha
mixture of hydrogen and helium. The con-
dition for the appearance of the spectrum s,
according to the above theory, that helium
atoms are present in a state in which they
have lost both their elecirons. Now we must
assume that the amount of energy to be used
in removing the second electron from a hel-
ium atom is much greater than that to be used
in removing the first. Further, it is known
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from experiments on positive rays, that
hydrogen atoms can acquire a negative
charge; therefore the presence of hydrogen
in the experiments of Fowler may effect that
more electrons are removed from some of
the helium atoms than would be the case if
only helium were present.

General Considerations Conlinued. . . . The
possibility of an emission of a radiation of a
frequency [ = nw] may also beinterpreted
from analogy with the ordinary electro-
dynamics, as an electron rotating round a
nucleus in an elliptical orbit will emit a
radiation which according to Fourier’s theo-
rem can be resolved into homogeneous com-
ponents, the frequencies of which are nw,
if w is the frequency of revolution of the
electron.

We are thus led to assume that the inter-
pretation of the equation (2) is not that the
different stationary states correspond to an
emission of different numbers of energy-
quantia, but that the frequency of the energy
emitted during the passing of the system from
a state in which no energy is yet radiated out
to one of the different stationary states, is
equal to different multiples of w/2, where
w is the frequency of revolution of the
electron in the state considered. From this
assumption we get exactly the same expres-
sions as before for the stationary states, and
from these by help of the principal assump-
tions [given earlier] the same expression for
the law of the hydrogen spectrum. Con-
sequently we may regard our preliminary
considerations only as a simple form of
representing the results of the theory.

Before we leave the discussion of this
question, we shall for amoment return to the
question of the significance of the agreement
between the observed and calculated values
of the constant entering in the expressions (4)
for the Balmer series of the hydrogen spect-
rum. From the above consideration it will
follow that, taking the starting-point in the
form of the law of the hydrogen spectrum
and assuming that the different lines cor-
respond to a homogeneous radiation emitted
during the passing between different
stationary states, we shall arrive at exactly

the same expression for the constant in
question as that given by (4), it we only
assume (1) that the radiation is sent out in
quanta kv, and (2) that the frequency of the
radiation emitted during the passing of the
system between successive stationary states
will coincide with the frequency of revolution
of the electron in the region of slow vibra-
tions.

As all the assumptions used in this latter
way of representing the theory are of what
we may call a qualitative character, we are

justified in expecting—if the whole way of

considering is a sound one—an absolute
agreement between the values calculated and
observed for the constant in question, and
not only an approximate agreement. The
formula (4) may therefore be of value in
the discussion of the results of experi-
mental determinations of the constants e, m,
and k.

While there obviously can be no question
of a mechanical foundation of the calcu-
lations given in this paper, it is, however,
possible to give a very simple interpretation
of the result of the calculation [following
formulas (2) and(3)] by help of symbols taken
from the ordinary mechanics. Denoting the
angular momentum of the electron round the
nucleus by M, we have immediately for a cir-
cular orbit 7M = T/w, where w is the fre-
quency of revolution and T the kinetic energy
of the electron; for a circular orbit we further
have T = W and from (2), we consequently
get

M = nh/2n = nk
where
A = 1.04 X 107%7 erg-sec.

If we therefore assume that the orbit of
the electron in the stationary states is circular,
the result of the calculation can be expressed
by the simple condition: that the angular
momentum of the electron round the nucleus
in a stationary state of the system is equal to
an entire multiple of a universal value,
independent of the charge on the nucleus.
The possible importance of the angular
momenturn in the discussion of atomic
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systems in relation to Planck’s theory is
emphasized by Nicholson.
" The great number of different stationary
states we do not observe except by investiga-
tion of the emission and absorption of radia-
tion. In most of the other physical pheno-
mena, however, we only observe the atoms of
the matter in a single distinct state, i.e. the
state of the atoms at low temperature. From
the preceding considerations we are im-
mediately led to the assumption that the
“permanent” state is the one among the
stationary states during the formation of
which the greatest amount of energy is emit-
ted. According to the equation (g), this state
is the one which corresponds ton = 1.
Absorption of Radiation. In order to ac-
count for Kirchhoffs law it is necessary to
introduce assumptions on the mechanism of
absorption of radiation which correspond
to those we have used considering the emis-
sion. Thus we mustassume thata system con-
sisting of a nucleus and an electron rotating
round it under certain circumstances can
absorb a radiation of a frequency equal to the
frequency of the homogeneous radiation
emitted during the passing of the system
between different stationary states. Let us
consider the radiation emitted during the
passing of the system between two stationary
states A, and 4, corresponding to values for
n equal to n, and n,, n, >n,. As the necessary
condition for an emission of the radiation in
question was the presence of systems in the
state 4,, we must assume that the necessary
condition for an absorption of the radiation
is the presence of systems in the state 4,.
These considerations seem to be ‘in con-
formity with experiments on absorption in
gases. In hydrogen gas at ordinary conditions
for instance there is no absorption of a radia-
tion of a frequency corresponding to the line-
spectrum of this gas; such an absorption is
only observed in hydrogen gas in aluminous
state. This is what we should expectaccording
to the above. We have assumed that the radia-
ton in question was emitted during the pass-
g of the systans between stationary states
conesponding w a2 20 The state of the
atons m hydrogen gas atordinary conditions
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electron is free, i.e. in which the electron pos-
sesses kinetic energy sufficient to remove to
infinite distances from the nucleus. If we
assume that the motion of the electron is
governed by the ordinary mechanics and
that there is no (sensible) energy radiation,
the total energy of the system—as in the
above considered stationary states—will be
constant. Further, there will be perfect con-
tinuity between the two kinds of states, as
the difference between frequency and dimen-
sions of the systems in successive stationary
states will diminish without limit if 7 increases.
In the following considerations we shall for
the sake of brevity refer to the two kinds of
states in question as ‘‘mechanical” states; by
this notation only emphasizing the assump-
tion that the motion of the electron inboth
cases can be accounted for by the ordinary
mechanics.

Tracing the analogy between the two kinds
of mechanical states, we might now expect
the possibility of an absorption of radiation,
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esponding to the passing of the
n two different stationary states,
esponding to the passing be-
the stationary states and a state
lectron is free; and as above, we
that the frequency of this radia-
‘mined by the equation £ = hv,
re difference between the total
system in the two states. As it
uch an absorption of radiation
s observed in experiments on
iltra-violetlightandby Rontgen
sly, we get in this way the same
r the kinetic energy of an elec-
rom an atom by photo-electric
deduced by Einstein, i.e. T =
te T is the kinetic energy of the
ed, and W the total amount of
:d during the original binding
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ts on the phenomena of X-rays
not only the emission and ab-
-adiation cannot be treated by
e ordinary electrodynamics, but
result of a collision between two
which the one is bound in an
oo ——... .perhaps most clearly shown by
some very instructive calculations on the
energy of p-particles emitted from radioac-
tive substances recently published by Ruther-
ford. These calculations strongly suggest that
an electron of great velocity in passing
through an atom and colliding with the
electrons bound will lose energy in distinct
finite quanta. As is immediately seen, this is
very different from what we might expect if
the result of the collisions was governed by

the usual mechanical laws. The failure of the
classical mechanics in such a problem might
also be expected beforehand from the absence
of anything like equipartition of kinetic energy
between free electrons and electrons bound in
atoms. From the point of view of the “‘mecha-
nical” states we see, however, that the follow-
ing assumption—which is in accord with the
above analogy-—might be able to account for
the result of Rutherford’s calculation and for
the absence of equipartition of kinetic energy:
two colliding electrons, bound or free, will,
after the collision as well as before, be in mecha-
nical states. Obviously, the introduction of such
an assumption would not make any alteration
necessary in the classical treatment of a colli-
sion between two free particles. But, consider-
ing a collision between a free and a bound
electron, it would follow that the bound elec-
tron by the collision could not acquire a less
amount of energy than the difference inenergy
corresponding to successive stationary states,
and consequently that the free electron which
collides with it could not lose a less amount.

The preliminary and hypothetical character
of the above considerations needs not to be
emphasized. The intention, however, has been
to show that the sketched generalization of the
theory of the stationary states possibly may
afford a simple basis of representing a number
of experimental facts which cannot be explain-
ed by help of the ordinary electrodynamics, and
that the assumptions used do not seem to be
inconsistent with experiments on phenomena
for which a satisfactory explanation has been
given by the classical dynamics and the wave
theory of light.

The Chance Discovery of X-rays
A. Sutcliffe and A. P. D. Sutcliffe

In the later part of the nineteenth century
many scientists were studying the remarkable
effects produced when electricity is dis-
charged in a partial vacuum and were greatly

helped in their work by the invention of
Crookes’s tube in 1879. This is a long cylin-
drical tube of glass containing two terminals.
One is connected through an induction coil

SOURCE. From Stories from Science (Cambridge Univ. Press, 1962} Vol. 2, Chapter 39.



