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2 I. THE PRINCIPLE OF SI]PERPOSIT]ON

case. Instead, there is observed a new and unexpected comexion between

the frequencies, called Ritz's Con-rbination l-aw of Spectroscopy, accord-

ing to which all the frequencies can be expressed as differences between

certain terms, the number of terms being much Iess than the number of
frequencies. This Iaw is quite unintelligible from the classical standpoint.

One might try to get over the difficulty without departing fi'om clas-

sical mechanics by assuming each of the spectroscopically observed fre-

quencies to be a lundamental frequency with its own degree of fieedom,

the laws of force being such that the hatmonic vibrations do not occur.

Such a theory will not do, however, even apart from the fact that it would
give no explanation of the Combination Law, since it would immediately
bring one into conflict with the experimental evidence on speciflc heats.

Classical statistical mechanics enables one to establish a general connex-

ion between the total number of degrees of freedom of an assembly of vi-
brating systems and its specilic heat. If one assumes all the spectroscopic

frequencies of an atom to correspond to different degrees of freedom, one

would get a speciflc heat for any kind of matter very much greater than

the observed value. [n fact the obset'ved specific heats at ordinary tem-

peratures are given lairly well by a theory that takes into account merely

the motion of each atom as a whole and assigns no internal motion to it
at all.

This leads us to a new clash between classical mechanics and the

results of experiment. There must certainly be some internal motion in

an atom to account for its spectrum, but the internal degrees of freedom,

for some classically inexplicable reason, do not contribute to the specific

heat. A similar clash is found in connexion with the energy of oscillation
of the electronugnetic lield in a vacuum. Classical mechanics requires the

specific heat corresponding to this energy to be inflnite, but it is observed

to be quite flnite. A general conclusion fiom experimental results is that

oscillations of high frequency do not contribute their classical quota to

the specific heat.

As another illustration of the failure of classical mechanics we may

consider the behaviour of light. We have, on the one hand, the phenom-

ena of interference and diffraction, which can be explained only on the

basis of a wave theory; on the other, phenomena such as photo-electric

emission and scattering by free electrons, which show that light is com-

posed of small particles. These particles, which are called photons, have

each a delinite energy and momentum, depending on the frequency of the

light, and appear to havejust as real an existence as electrous, or any other

particles known in physics. A fraction of a photon is never observed.
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.1 I. THE PRINCIPLE OF SUPERPOSITION

that the unavoidable limiting disturbance is negligible, then the object is

big in the absolute sense and we may apply classical mechanics to it. If,
on the other hand, the limiting disturbance is not negligible, then the ob-

iect is small in the absolute sense and we require a new theory for dealing

with it.
A consequence of the preceding discussion is that we must revise

our ideas of causality. Causality applies only to a system which is left
undisturbed. If a system is small, we cannot observe it wlthout produc-

ing a serious disturbance and hence we cannot expect to find any causal

connexion between the results of our observations. Causality will still be

assumed to apply to undisturbed systems and the equations which will
be set up to describe an undisturbed system will be differential equations

expressing a causal connexion between conditions at one time and con-

ditions at a later time. These equations will be in close correspondence

with the equations of classical mechanics, but they will be connected only
indirectly with the results of observations. There is an unavoidable inde-

telminacy in the calculation of obsewational results, the theory enabling

us to calculate in general only the probability of our obtaining a particular

result when we make an observation.

2. The Polarization of Photons

The discussion in the preceding section about the limit to the gentle-

ness with which observations can be made and the consequent rndetermr-

nacy in the results of those observations does not provide any quantitative

basis for the building up of quantum mechanics. For this purpose a new

set of accurate laws of nature is required. One of the most fundamental

and most drastic of these is the Prhciple of Superpo,sition. of States. We

shall lead up to a general formulation of this principle through a consid-

eration of some special cases, taking lirst the example provided by the

polarization of light.
It is known experimentally that when plane-polarized light is used

for ejecting photo-electrons, there is a preferential direction for the elec-

tron emission. Thus the polarization properties of light are closely con-

nected with its corpuscular properties and one must ascribe a polarlzation

to the photons. One must consider, for instance, a beam of light plane-

polarized in a certain direction as consisting of photons each of which is
plane-polarized in that direction and a beam of circularly polarized light
as consisting of photons each circularly polarized. Every photon is in a
certain stote of polariz.ation, as we shall say. The problem we must now

2 THE PoL:.-i
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6 I THE PRINCIPLE OF SUPERPOSITION

correct classical results fbr an incident beam containing a large number

of photons.

In this way we preserve the individuality of the photon in all cases.

We are able to do this, however, only because we abandon the determi-

nacy of the classical theory. The result of an experiment is not deter-

mined, as it would be according to classical ideas, by the conditions un-

der the control of the experimenter. The most that can be predicted is a
set of possible results, with a pr:obability of occurrence for each.

The foregoing discussion about the result of an experiment with a
single obliquely polarized photon incident on a crystal of tourmaline an-

swers all that can legitimately be asked about what happens to an

obliquel;- polarized photon when it reaches the tourmaline. Questions
about u,hat decides whether the photon is to go through or not and how
it changes its direction of polarization when it does go through cannot be

inr estigated by experiment and should be regarded as outside the domain
of science. Nevertheless some further description is necessary in order
to correlate the results of this experiment with the results of other exper-

iments that might be performed with photons and to fit them all into a

general scheme. Such lurther description should be legarded, not as an

attempt to answer questions outside the domain of science, but as an aid

to the formulation of rules for expressing concisely the results of large

numbers of expeliments.
The further description provided by quantum mechanics runs as fol-

lows. It is supposed that a photon polarized obliquely to the optic axis

may be regarded as being partly in the state of polarization parallel to

the axis and partly in the state of polarization perpendicular to the axis.

The state of oblique polarization may be considered as the result of some

kind of superposition process applied to the two states of parallel and

perpendicular polarization. This implies a certain special kind of rela-

tionship between the various states of polarization, a relationship similar
to that between polarized beams in classical optics, but which is now to
be applied, not to beams, but to the states of polarization of one particular
photon. This relationship allows any state of polarization to be resolved
into, or expressed as a superposition of, any two mutually perpendicular

states of polarization.
When we make the photon meet a tourmaline crystal, we are subject-

ing it to an observation. We are observing whether it is polarized parallel

or perpendicular to the optic axis. The elfect of making this observation
is to force the photon entirely into the state ofparallel or entirely into the

state of perpendicular polarization. lt has to make a sudden jump from be-

3 INTER=:a
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them. Which olthe two stare\ rr .

governed only by probabilitr 1av.
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8 I THE PRINC]PLE OF SI-TPERPOS]TION

beam has been split.l ln the accurate mathematical theory each transla-

tional state is associated with one of the wave functions of ordinary wave

optics, which wave f'unction may describe either a single beam or two or
more beams into which one original beam has been split. Translational
states are thus superposable in a similar way to wave functions.

Let us consider now what happens when we determine the energy

in one of the components. The result of such a determination must be

either the whole photon or nothing at all. Thus the photon must change

suddenly from being partly in one beam and partly in the other to being

entirely in one of the beams. This sudden change is due to the disturbance

in the translational state of the photon which the observation necessarily

makes. It is impossible to predict in which of the two beams the photon

will be found. Only the probability of either result can be calculated from
the previous distribution of the photon over the two beams.

One could carry out the energy measurement without destroyitlg the

component beam by, for example, reflecting the beam from a movable
mirror and observing the recoil. Our description of the photon allows us

to infer thal, after such an energy measurement, it would not be possible

to bring about any interference effects between the two components. So

long as the photon is partly in one beam and partly in the other, intert-er-

ence can occur when the two beams are superposed, but this possibility
disappears when the photon is forced entirely into one of the beams by

an observation. The other beam then no longer enters into the description
of the photon, so that it counts as being entirely in the one beam in the

ordinary way for any experiment that may subsequently be performed on

rt.

On these lines quantum mechanics is able to effect a reconciliation
of the wave and corpuscular properties of light. The essential point is the

association of each of the translat.ional states of a photon with one of the

wave functions of ordinary wave optics. The naturc of this association

cannot be pictured on a basis of classical mechauics, but is something
entirely new. lt would be quite wrong to picture the photon and its asso-

ciated wave as interacting in the way in rvhich particles and waves can

interact in classical mechanics. The association can be interpreted only
statistically, the wave function giving us information about the probabil-
ity of our finding the photon in any particular place when we make an

lThe circumstance that the superposition idca requires us to generalize our oliginal
meaning o[ translational staLes, but that no corrcsponding generalization was needed 1br

the states of polarization of the prcceding scclion, is an accidenlal one with no u nderlyi ng

theoretical signiflcancc.

4. SUPERPOSITI( \
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-dtunssu oql uO ',(1rsuelur lunbe;o slueuodruot o,ru olur dn tllds suoloqd

Jo Jequnu a8rel e go Suqsrsuoc tq31 go rueeq u eleq e,,l\ esoddng .(u,tr Bur
-,ln.oIIoJ eql ur -ruelJ epeut eq ueJ uorlJurJSIp oql Jo ecuulrodtur aq1 'ace1d

leql ur suoloqd;o.laqunu elqeqord aqt lou puu aceld rulncrged e ur Sureq
uoloqd auo Jo f,tl11quqo-rd eql lnoqe uortetuJoJur se,rr8 uorlcunJ e^u,tr eql
tEql se,{\ 'rone,troq'azt1u,et,(1rea1c lou plp ,(aqt tuq,^[ 'JelJuJeqJ 

IpJr]sqpts
E Jo aq lsntu suoloqd pue se,,lu,n lr{3rl uee,&leq uorxeuuoc eql leqt pezr
-1ue,r eldoed sorupr.Ioeu runluunb;o ,("rea.ocsrp eq] e.roJeq erurl otuos

'sr lr eJoq,r Jo uorlE^Jesqo
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8ur,{1.repun ou qll.lr ouo Iuluaprrli -: : -
JoJ pJpecu (nA\ uoilBlrlBJaur;- ;:- . . _.'_.

;nutSt.to .tno czrln:crro8 ol \n .:lr: ^:. - . -

ue e)eu a,tA ueq,^A aceld rRln-'i:---
-ytqeqo.rd eql lnoqu uoitrrulorJr i-
,{1uo pelardralrtr eq upJ uon:r-'..i
uec sele,4A pue salcrllud qJJq,,, --
-ossu s'lt pue uotoqd aql aJnt':-
Suqleruos st lnq 'soruBqJalu ':r i

uorlurcossE srqlJo OJnlEu.qI !r'
aql Jo euo qlt.,n uoloqd B -Jo !:r:..
eq] sr lurod Jeuuesse aq1 rqS: -: .

uorlerlrJuoceJ e 13e-ua ot alq! . .

uo perrrJoJJed aq ,{ltuanbascn: .,.,,

aql ur ueaq euo eql ru (1a:nu: : -
uoqducsep eql olut sralue rpSu- -

,(q suuaq Jql Jo auo orur i1;.i --.-
.(tryrqrssod sql lnq 'pasodr:dr.: ---
-JorJelul 'Jeqlo eql ur (1t.md pur ---
og 'sluauoduoc o,rl eqt uaa\,,r:- .

alqrssod eq lou plno,,rr 1r 'tu.Lu;-:-
sn s,{ollE uoloqd eqtJo rron-r-^.:
elqB^oru e ruog rrrueq eql Su,.::_
eq] 8ur.(orlsep lnoqlr,r\ lueru:r : :: :

'SUUeq o,&\l aql l; ,- -

ruo{ pe}BIncI€3 aq up3 llnsel -t.;_-:
uoloqd eql sueeq o,^Al oqt Jo ui --,:

.(luessecau uorlei.Jasqo aql q-arL ",

ecuuqJusrp aql ol enp s r eiupu-' -:
Sureq o1 reqlo aqt ur ,(1urd pu: ---
a8uuqc lsmu uoloqd eqt snqf .

eQ h-ruu uolJeulluJelep E qJn: -, _

,(3.reue eql euflulolep e,tr u:rl \., i -
'suolJcunJ e,{P,\\ 01 \E !., _-.

Ieuotlulsuer1 't11ds ueeq spq Lil:::
Jo o,lo.1 Jo rueeq e18urs e Jaqira :. -
a,Le,tr ,fteurpJo Jo suorlorrn.l a u .r : -

-BISuerl qcee,(roeql Fcnetuoql:-- -
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