3 On a Heuristic Point of View about
the Creation and Conversion of Lightf

A. EINSTEIN

THERE exists an essential formal difference between the theoret
pictures physicists have drawn of gases and other ponder:
bodies and Maxwell's theorpf electromagnetic processes ir
so-called empty space. Whereas we assume the state of @&oboc
be completely determined by the positions and velocitiesn of
albeit very large, still finite numbef atoms and electrons, we us¢
for the determination of the electromagnetic state in space c
tinuous spatial functionso that a finite number of variables
cannot be considered to be sufficient to fix completelgthaetre
magnetic state in space. According to Maxwell's theory, tl
energy must be considered to be a continuous function in s
for all purely electromagnetic phenomena, thus also for lig
while according to the preseddy ideas of physicists the energ)
of a ponderable body can be written as a sum over the atoms
electrons. The energy of a ponderable body cannot be split i
arbitrarily many, arbitrarily small parts, while the eneafya
light ray, emitted by a point soura# light is according to
Maxwell’'s theory (or in general according to any wave theory)
light distributed continuously over an ever increasing volume.

The wave theoryof light which operates with continuous
functions in space has been excellentlyjustified for the represe
tion of purely optical phenomena and it is unlikely ever to t
replaced by another theory. One should, however, bear in m
that optical observations refer to time averages andtmot
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92  THE OLD QUANTUM THEORY

instantaneous values and notwithstanding the complete experi
mental verification of the theory of diffraction, reflexion, refra
tion, dispersion, andoon, it is quite conceivablethat a theefy
light involving the use of continuous functions in space will lead
to contradictionswith experience, if it is applied to the phenomena
of the creation and conversion of light.

In fact, it seems to me that the observatiom&black-body
radiation”, photoluminescence, the production of cathode rays by
ultraviolet light and other phenomena involving the emission or
conversion of light can be better understood on the assumption
that the energy of light is distributed discontinuously in space.
According to the assumption considered here, when a light ray
starting from a point is propagated, the energy is not con
tinuously distributed over an ever increasing volume, but it
consists of a finite number of energy quamtazlised in space,
which move without being divided and which can be absorbed or
emitted only as a whole.

In the following,l shall communicate the trawof thought and
the facts which led me to this conclusion, in the hope tiwat
point of view to be given may turn‘out to be useful fmme
research workers in their investigations.

I. Ona Difficulty in the Theoryof ‘Black-body Radiation’’

To begin with, we take the point of view of Maxwell'stheory and
electron theory and consider the following case. Let there&e in
volume completely surrounded by reflecting walls, a number of
gas molecules and electrons moving freely and exerting upon one
another conservative forces when they approach each other, that
is, colliding with one another as gas molecules according to the
kinetictheoryof gases.? Letthere further be a number of electrons
which are bound to points in space, which are far from one

+ This assumption is equivalent to the preposition thaatleeage kinetic
energiesf gas molecules and electrons are equal to one anothepiersgare
equilibrium. It is well known that Mr. Drude has theoreticalerived in
this way the relation between the thermal and electricaluminities of
metals.
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another, by forces proportional to the distance from those po
and in the directiontowards those points. These electrons are
assumed to be interacting conservatively with the free moleci
and electrons as soon as the latter come close to them. We
the electrons bound to points in space “resonators”; they emit
absorb electromagnetic waves with definite periods.

According to presentay ideas on the emission of light, th
radiation in the volumeonsidered—which can be found for the
caseof dynamic equilibriunonthe basis of the Maxwelheory—
must be identical with thé‘black-body radiation"—at least
provided we assume that resonators are present of all frequel
to be considered.

For the time. being, we neglect the radiation emitted a
absorbed by the resonators and look for the condition
dynamic equilibrium corresponding to the interaction (collisior
between molecules and electrons. Kinetic gas theory gives
this the condition that the averdgeetic energy of a resonator
electron must equal the average kinetic energy correspondin
the translational motion of a gas molecule. If we decompose
motion of a resonator electron into three mutually perpendict
directions of oscillation, we find for the average vallef the
energyof such a linear oscillatory motion

E==T,

2|l x

whereR is the gas constan¥ the number of “real molecules”
in a gramme equivalent arid the absolute temperature. Thit
follows as the energy is equal tcz of the kinetic energy of a free
molecules of a monatomic gas since the time averages of
kinetic and the potential energy of a resonator are equal to

another. If, for somereason—in our case because of radiatior
effects—one manages to make the time average of a resone
larger or smaller thai, collisions with the free electrons anc
molecules will lead to an energy transfer to or from the gas wh
has anon-vanishing average. Thus, forthe case consideredd)y
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dynamic equilibrium will be possiblenly.if each resonator has
the average ener&;
We can now use a similar argument for the interaction between

the resonators and the radiation which is present in space.

Mr. Planck’ has derived for this case the condition for dynamic
equilibrium under the assumption that one can consider the
radiation as the most random process imaginable.? He found

— L?

Ev = §1?v_zpva
whereE, is the average energy of a resonator witenfrequency
v (per oscillating component), the velocity of light,v the
frequency ang, dv the energy per unit volume of that part of the
radiation which has frequencies betweamdy + dv.

If the radiation energy of frequenayis not to be either

decreased or increased steadily, we must have

Rp_p-p-%
N - - v_snv _pv’

T One can formulate this assumption as follows. \[daed the-component
of the electrical forcéZ) at a given point in space between the tim® and
t =T (whereT indicates a time which is large compared to alillaion
periods considered) in a Fourier series

< ¢
Z = Ay sin (va—j:—i—ocv),
v=1
wheredy = 0 and0 = «y = 2z, For the same point in space, one considers
to have made such an expansion arbitrarily oftenantitirarily chosen initial
times. In that case, we have for the frequenciifffrent combinationsf
values for the quantities ande (statistical) probabilitie®¥ of the form

AW = f(A1, Ay ..o 21,92, ..) dA1 dA2 ... doy oy ...
Radiation is now the most random process imaginéble, i
f(Al,Az, ceey 001, %2, ...) = Fl(Al)Fz(Az) ...fl(al)fz(flz) crey

that is, when the probability for a given value of one of4her the« is
independent of the values of the oth@ndx. The more closely the condition
is satisfied that the separate pairs of quantitieand«, depend on the
emission and absorption processegafial groups of resonators, the more
definitely can we thus say in the case treated by ushbatdiatiorcan be
considered to be the most random imaginable one.
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R 8mv?
rERTT T
This relation, which we found as the condition for dynam
equilibrium does not only lack agreement with experiment, but
also shows that in our picture there can be no question o
definite distribution of energy betweesnther and matter. The
greater we choose the range of frequencies of the resonators
greater becomes the radiation energy in space and in the |

we get
® R 8n ®
J‘o pvdV="Nz§ T-[O vidv = oo,

2. On Planck’s Determination of Elementary Quanta :

We shall show in the followingthat determination of elementa
guanta given by Mr. Planck is, to a certain extent, independen
the theory of “blackbody radiation” constructed by him.

Planck's formula for p, which agrees with all experiments up
to the present is

o

Py =R

where  a=610x107%,  p=4-866x 10~ 11,

For large values df}v, that is, for long wavelengths and high
radiation densities, this formula has the following limiting form

o
p, ==vT.

One sees that this formula agrees with thedetieed in section 1
from Maxwell theory and electron theory, Byuating the
Coefficientsin the two formulae, we get

R8n «

NL3 " B
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87R
or N=§L—3=6-17x1023,
that is, one hydrogen atom weidhi& = 1-62x 10~ 24 g, This is
exactly the value found by Mr. Planck, which agreesfsatorily
with values of this quantity found by different means.

We thus reach the conclusidghe higher the energy density and
the longer the wavelengths of radiation, the more usable is the
theoretical basis used by us; for short wavelengths and low
radiation densities, however, the basis fails completely.

In the following, we shall consider “blad¢iody radiation”,
basing ourselves upon experience without using a piofutiee
creation and propagation of the radiation.

3. On the Entropy of the Radiation

The following considerations are contained in a famousmpap
by Mr. W. Wien and are only mentioned here for the sake of
completeness.

Consider radiation which takes up a volum&Ve assume that
the observable properties of this radiation are completely-deter
mined if we give the radiation energg) for all frequencies.

As we may assume that radiations of different frequencies can be
separated without work or heat, we can write the entroflyeof
radiation in the form

5= vr (o) d,
0

whereg is a function of the variablgsandv. One can reducg

to a function of one variable only by formulating thatesment

that the entropy of radiation between reflecting walls is not
changed by an adiabatic compression. We do not want to go into
this, but at once investigate how one can obtain the fungtion
from the radiation law of a black body.

+This is an arbitrary assumption. Of course, one sticks to this simplest,
assumption until experiments force us to give it up.
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In the case of “blackody radiation”p is such a function of
that the entropy is a maximum for a given energy, that is,

5r $o)dy =0,
0

if GJ pdv=0.

0

From this it follows that for any choice&f as function ob

f (-%—l)épdv =0,
o \9p

wherel is independent of. In the case of blackody radiation,
0¢/0p is thus independent of

If the temperature of a bladdody radiation in a volune= 1
increases byT, we have the equation

ds = f "0 4o,
v=0 ap .
or, aso¢/dp is independent af:
as=2
op

As dE is equal to the heat transferred and as the prdgess
reversible, we have also

1
Through comparing, we get
op 1
op T*

This is the blaclbody radiation law. One can thus from the
function ¢ obtain the blackody radiation law and conversely
from the latter the functior, through integration, bearing in

mind thatg vanishes for p = 0.
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4. Limiting Law for the Entropy of Monochromatic
Radiation for Low Radiation Density

From theobservation’\made sofar on “black-body radiation”,
it is clear that'thé law

p=oavde PIT

put forward originally for “blackbody radiation” by Mr. W. Wien
is not exactly valid. However; for large valueswf, it is in
complete agreement with experiment. We shall base ¢eul@a
tions on this formula, though bearing in mind that our results are
valid only within certain limits.

First of all, we get from this equation

1 1. p

T Bv T
and then, if we use the relation found in the preceding section

’ p p
=—"J|In—-1|.
$(p.7) ﬁv[navs ]
Let there now be radiation of ene#wvith a frequency between
andv+dv and let the volume of the radiation beThe entropy
of this radiation is
E E
= = —— | In—s——11.
S = vg(p,v)dv ﬁv[nuav3 o :I
If we restrict ourselves to investigating the .dependence of the
entropy on the volume occupied by the radiation, and if we
denote the entropy of the radiation $yif it occupies a volume
vy, WE get
S—So=21n2
O By v,
This equation shows that the entropy of a monochromatic
radiationof sufficiently small density varies with volume aatiog
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to the same rules as the entropy of a perfect gas or of a dil
solution. The equation just found will in the following be
interpreted on the basis of the principle, introduced by M
Boltzmann into physics, according to which the entropy of
system is a function of the probability of its state.

5. Molecular-Theoretical Investigation of the VVolume-dependence
of the Entropy of Gases and Dilute Solutions

When calculating the entropy in molecular gas theory one oft
uses the word “probability” in a sense which is not the same as
definition of probability given in probability theory. Especially,
often “cases of equal probability” are fixeg hypothesis under
circumstances where the theoretical model used is sufficier
definite to deduce probabilities rather than fixing them b
hypothesis.l shall show in a separate paper that when consideri
thermalphenomena it is completely sufficient to use the-called
“statistical probability”, andl hope thus to do away with a
logical difficulty which is hampering the consistent applicatiol
of Boltzmann's principle. At the moment, howevérshall
give its general formulation and the application to very spec
cases.

If it makes sense to talk about the probability of a state of
system and if, furthermore, any increase of entropy can
considered as a transition to a more probable state, the efifrop
of a system will be a function of the probabil#; of its instan
taneous state. If, therefore, one has two systems which do
interact with one another, one can write

S =¢(Wy), Sz=00:(W)).
If one considers these two systems as a single systemiropy
S and probability¥ we have
S=Sl+S2=(;b(W) and W=W1.W2.

This last relation states that the states of the two systems
independent.
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From these equations it follows that

S(W1. W)= ds(W)+¢,(W)),
and hence finally ¢,(W,) = CInW+const,
¢,(W,) = CInW,+const,
¢(W) = Cln W +const.

The quantityC is thus a universal constant; it follows from
kinetic gas theory that it has the valRgV where the constans
andN have the same meaning as aboves, lis the entropy of a
certain initial state of the system considered #nthe relative
probability of a state with entro# we haven general

R
S5, =5 InW.

We now consider the following special case. Wstonsider a
number,n, moving points(e.g., molecules) in a volumes.
Apart from those, there may be in this space arbitrarily many
other moving points of some kind or other. We do not make any
assumptions about the laws according to which the points con
sidered move in space, except that as far as their motion is
concerned no part of spae@andno direction—is preferred above
others. The numbef the (firstmentioned) points which we are
considering be moreover so small that we can neglecttiuiral
interaction.

There corresponds a certain entrdfayto the system under
consideration, which may be, for instance, a perfect gas or a dilute
solution. Consider now the case where a paftthe volumey,
contains alh moving points while otherwise nothing is changed in
the system. This state clearly corresponds to a different value,
Sy of the entropy, and we shall now use Boltzmann’s principle to
determine the entropy difference.

We ask how large is the probability of this state relative to the
original staté Or: how large is the probability that at an
arbitrary moment alh points moving independently of one
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another in a given volumg are (accidentally) in the volume
One gets clearly for this probability, which is a “statistica

probability”:
ol
W={—];
Vo

one obtains from this, applying Boltzmann's principle:

n._ v
§—-8,=R=-In—.
0 N nvo

It must be noted that it is unnecessary to make any assumpti
about the laws, according to which the molecules move, to der
this equation from which one can easily derive thermodynamica
the Boyle-Gay-Lussac law and the same law for the osmoti
pressure.?

6. Interpretation of the Expression for the Volumedependence
of the Entropy of Monochromatic Radiation
according to Bolzmann’s Principle

In Section4, we found for the volumeéependence of the
entropy of monochromatic radiation the expression

If we writethis equation in the form

R NE/RBv
G
0

and compare it with the general formula which express
11If E isthe energyf the systemye have

_TS) = pdo — Tds — RT %
—d(E TS)-pdv—TdS—RTNv
n
or pv=RTvT.
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Boltzmann’s principle,

R
S=So=xIn¥,

we arrive at the following conclusion

If monochromatic radiation of frequeneyand energyE is
enclosed (by reflecting walls) in a volumg the probability that
at an arbitrary time the total radiation energy is in a pafthe

volumeuv, will be
v NE/RBv
W= (_) .
Vo

From this we then conclude

Monochromatic radiatiorof low densitybehaves—as long as
Wien's radiation formula igalid—in a thermodynamic sense, as if
it consisted of mutually independent energy quanta of magnitude
RBY/IN.

We now wish to compare the average magnitude of the “black
body” energy quantawith the averagekinetic energy of the
translational motionof a moleculeat the same temperature.
The latter is}RT/N, while we get from Wien’'s formula for the
average magnitude of the energy quantum

Jw ave BT gy
0
® N
——oay3e BT gy
fo Rpv
If monochromaticradiation—of sufficiently low density—
behaves, as far as thelume-dependence of its entropy is con
cerned, as discontinuous medium consistingf energy quanta of
magnitudeRrpy/N, it is plausible to investigate whether the laws
on creation and transformation of light are also such as if light

consisted of such energy quanta. This question will be considered
in the following.

LY
N
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7. On Stokes'Rule

Consider monochromatic light which is changed by photc
luminescence to light of a differentfrequency; in accordance wi
the result we have just obtained, we assume that both the orig
and the changed light consist of energy quanta of magnitu
(R/N)Bv, wherev is the corresponding frequency. We must thel
interpret the transformation process as follows. Each initi
energy quantum of frequeneyis absorbed anid—at least when
the distribution density of the initial energy quanta is sufficientl
low—Dby itself responsible for the creatiaf a light quantum of
frequencyv,; possibly in the absorption of the initial light
guantum at the same time also light quanta of frequengcies..
as well as energy @fdifferent kind(e.g. heat) may be generated.
It is immaterial through what intermediate processes the fir
result is brought about. Unless we can considerpiigo-
luminescing substance as a continuous source of energy,
energy of a final light quantum can, according to the ener
conservation law, not be larger than that of an initial ligk
guantum; we must thus have the condition

R R
ﬁﬁvz = _I\T'ﬁvl’ or vy vy

This is the well-known Stokes’rule.

We mustmphasise that according to our ideas the intensity of
light producedmust—other things being:qual—be proportional
to theincident light intensity for weak illumination, as every
initial quantum will cause one elementary process of the kir
indicated above, independent of the acwbnhe other incident
energy quanta. Especially, there will be no lower limit for th
intensity of the incident light below which the light would be
unable to produce photoluminescence.

According to the above ideas about the phenomena deviati
from Stokes’rule are imaginable in the following cases:

1. When the number of the energy quanta per unit volun
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involved in transformations iso large that an energy quantum
of the light produced may obtain its energy from several initial
energy quanta.

2. When the initial (or final) light energetically does not have
the properties characteristicfor “blabkdy radiation” according
to Wien's law; for instance, when the initial light is produced by a
body of so high a temperature that Wien's law no longer holds for
the wavelengths considered.

This last possibility needs particular attention. Accordingto the
ideas developed here, it is not excluded thaton-Wienian
radiation”, even highhdiluted, behaves energetically differently
thana “black-bodyradiation” intheregion where Wien’slawisvalid.

8. On the Productionof Cathode Raysby Mumination
of Solids

The usual idea that the energy of light is continuously distri
buted over the space through which it travels meets with especially
great difficulties when one tries to explain phetectric
phenomena, as was shown in the pioneering paper by Mr,
Lenard?

According to the idea that the incident light consistanefgy
guanta with an energgpv/N, one can picture the production of
cathode rays by light as follows. Energy quanta penetratainto
surface layer of the body, and their energy is at least partly
transformed into electron kinetic energy. The simplest picture is
that a light quantum transfers all of its energy to a single electron;
we shallassumethat that happens. We must, however, not exclude
the possibility that electrons only receive parthef energy from
light quanta. An electron obtaining kinetic energy inside the body
will have lost part of its kinetic energy when it has readed
surface. Moreover, we must assume that each efteatréeaving
the body must produce woik which is characteristic for the
body. Electrons which are excited at the surface and at right
angles to it will leave the body with the greatest normal velocity.
The kinetic energy of such electrons is
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R
—RV-P
N

If the body is charged to a positive potentiadnd surrounded
by zero potential conductors, andlifis just able to prevent the
lossof electricity by the body, we must have

R
Ile = ﬁﬁv—P,

wheres is the electrical mass of the electron, or
TIE = Rpv—P’,

wherekE is the charge of a gram equivalent of a shwgleied ion
andP’ is the potential of that amount of negative electricity with
respect to théody.t

If we put E=96x103 TIx10~8 is the potential in Volts
which the body assumes when it is irradiated in a vacuum.

To see now whether the relation derived here agreespaddn
of magnitude, with experiments, we pRit=0, v = 1-03 x 10°
(corresponding to the ultraviolet limit of the solar spsoirand
B =4866x10"11, We obtainll x 107 = 4-3Volt, a result which
agrees, as to order of magnitude, with Mr. Lenard’s =Sult

If the formula derived here is corrett,must be, if drawn in
Cartesian coordinates as a function of the frequency of the incide
light, a straight line, the slope of which is independent of the
nature of the substance studied.

As far asl can see, our ideas are not in contradiction to the
properties of the photoelectric action observed by Mr. Lenarc
If every energy quantum of the incident light transfers its energ
to electrons independently of all other quanta, the velocit
distribution of the electrons, that is, the quality of the resulting
cathode radiation, will be independent of the intensftythe
incident light; on the other hanckteris paribus, the number of

11If one assumes that it takes a certain amount of work to free a sing

electron by light from a neutral molecule, one has no need to ctidage
relation; one only must considerto be the surof two terms.
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electrons leaving the body should be proportional to the intensity
of the incidenlight.?

As far as the necessary limitatiasfshese rules are concerned,
we could make remarks similar to those about the necessary
deviations from the Stokes rule.

In the preceding, we assumed that the energy lefagt part
of the energy quanta of the incident light was always transferred
completelyto a single electron. If one does not make this obvious
assumption, one obtains instead of the earlier equation the

following one HE+P < Rpv.

For cathodduminescence, which is the inverse process of the
onejust considered, we get by a similar argument

ITE+P’ 2 Rpv.

For the substances investigated by Mr. Lena@td,is always
considerably larger thaRfv, as the voltage which the cathode
rays must traverse to produce even visible light is, in some cases a
few hundred, in other cases thousanflvolts.> We must thus
assume that the kinetic energy of an electron is used to produce
many light energy quanta.

9. On the lonisation of Gasedy Ultraviolet Light

We must assume that whergasis ionised by ultraviolet light,
always one absorbed light energy quantum is used to ionise just
one gas molecule. From this follows first of all that the ionisation
energy (thatis, the energy theoretically necessatkiédonisation)
of a molecule cannot be larger than the enefgstn effective,
absorbed light energy quantum. Jifdenotes the (theoretical)
ionisation energy per gram equivalent, we must have

RBv = J.
According to Lenard’s measurements, the largest isHestve
length for air is about-9 x 10~>cm, or
Rpfv = 6:4x 102 erg= J.
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An upper limit for the ionisation energy can also be obtaine
from ionisation voltages in dilute gases. Accordingt&tark®
the smallest measured ionisation voltage (for platinum anode
in air is about0 Volt. We have thus an upper limit®6 x 10*2
for J which is about equdlo the observedne. There is still
another consequence, therification of which by experiment
seems to me to be very importariit.each light energy quantum
which is absorbed ionises a molecule, the following relation shou
exist between the absorbed light intengitgnd the numbeir of
molesionised by this light:

-=R_ﬁ'{»'

This relation should, if our ideas correspond to reality, be val
for any gas which-for the corresponding frequeneydoes not
showan appreciable absorption which is not accompanied
ionisation.

1+ In the interior of the gas, the ionisation voltage fonegative ions is anyhow
five times larger.
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