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§1 Photon polarization experiment

Certain crystals, for example tourmaline, have a preferred axis, call it

passing axis. When a light beam is incident on a such a crystal, it which

allows light vibrations parallel to its optic axis to pass and absorbs all the

vibrations which are perpendicular to the passing axis. By rotating the

crystal, we can get a beam which is polarised along different directions.
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Now consider unpolarised light incident on a tourmaline crystal. The

vibrations of the beam coming out of the crystal will be along the pre-

ferred axis of the tourmaline crystal. Let this beam be allowed to pass

through a similar second crystal. Let the second crystal be placed with

its passing axis parallel to that of the first crystal. All the light coming

out of the first one will have vibrations parallel to the passing axis of the

second crystal and will be fully transmitted through the second crystal

too.

Next, if the first crystal is rotated by π/2, no light will pass through

the second crystal. In case the angle of rotation of the first crystal is

α 6= π/2, the light from the first crystal will be obliquely polarised and

a fraction cos2 α of the incident intensity will be transmitted.

Next, we consider the same arrangement with the passing axes of the
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two crystals at a certain angle. Let the intensity of the incident beam

so low that at any time only one photon passes through the apparatus.

It is obvious that when the two axes are parallel, the photon will be

transmitted through the apparatus and that it will be absorbed, when

the two axes are perpendicular.

What do we expect when the photon incident on the second crystal

with its passing axis making an angle α 6= 0, π/2 with the passing axis

of first crystal.

From what is known in wave theory, one cannot conclude anything

about the outcome of this experiment. Certainly, we cannot say that

a part of photon is transmitted and a part is absorbed; because the

photon is indivisible! However, when we wait for a long time, we will

find that a fraction cos2α , of the total number photons incident on the

second crystal, will pass through. Therefore, all that can be said about

the single photon is that sometimes it will pass through the second

crystal and sometimes it will get absorbed. What can we say about the

states of photon in the three cases of parallel, perpendicular and oblique

polarisation? In order to explain the outcome of the experiment for a

large number of photons, it must be admitted that the photon in oblique

polarisation is partly in the state with parallel polarisation and partly in

the state with perpendicular polarisation. Obviously, every polarisation

state of photon must then be regarded as a superposition of states of

polarisation along two perpendicular directions.

This superposition of states comes with indeterminacy that no prediction

is possible about the outcome of an experiment involving a single photon,

only the outcome of experiment repeated several times can be predicted.

For a single photon with oblique polarisation, one is forced to assign a

probability of getting transmitted or absorbed. One arrives at similar

conclusions by analysis of other thought experiments involving electrons.

For an electron a Stern Gerlach set up acts exactly like a tourmaline

crystal for the photons. .

Here is what Dirac has to say about non classical nature of superpo-

sition principle

Fig. 1 Dirac-Page 13

Dirac summarises discussion of photon polarisation experiment by

saying that superposition leads to indeterminacy in quantum case and

hence it is different from that in classical Physics.
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Fig. 2 Dirac-Page13

§2 Double slit experiment with electrons

Before starting to read this thought experiment, it is a good idea to

revise1 thought experiments with bullets, and remember what would

happen for the classical particles.

Let us first consider a double slit experiment can be done with one of

the two slits can be kept open for half the time. The second slit is kept

open for remaining half the time and the experiment is repeated. In this

one will not get the interference pattern as in the case when both the slits

are kept open. What is observed is just the combined distribution for

two single slits. One would see the same pattern even if the experiment

is done with very very low intensity beams, sending one electron at a

time. In this case the behaviour of electrons is no different from bullets.

1A K Kapoor, QM-01:Classical Theories Revisited §1.3

In a double slit interference experiment for electrons we would expect

to see an interference pattern as is the case for any wave. However, when

the intensity of the incident beam is reduced and we seek the result of the

experiment performed with a single electron, we are inclined to conclude

that one would see a spot on the screen, and not an interference pattern,

due to indivisibility of the particle nature. Still an interference pattern

appears when the experiment is repeated with a large number of times.

The double slit experiment shows that the quantum dual behaviour

of electron is different from what is expected of classical particles such

as bullets. It is also different from what is expected of waves in the

classical theory.

When both the slits are kept open, it makes no difference what the

beam intensity is. The interference experiment is done sending one elec-

tron at one time or having an intense beam. In a manner similar to the

photon polarisation experiment. the results can be understood only by

considering the ’translational’ state of the electron as superposition of

two states corresponding to electron passing through one of the two slits.

Within the accepted interpretations of quantum mechanics, this is

explained by associating a probability amplitude of electron reaching

a point on the screen and accepting that a prediction about the exact

location of the spot in experiment with single electron is impossible and

indeterminacy has entered in an essential way. It has to emphasised

that the suggestion here is that indeterminacy is of fundamental nature

of physical systems. It is neither due to limitation of the quantum theory

nor due to a limitation of a measuring device.

We strongly recommend the reader to to go through the relevant

section so the books by Dirac[?] and Feynman [?].

However, one may still ask whether the quantum theory is complete
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in its present form and if the unusual features appear due to the restric-

tions on the domain of application such as nonrelativistic situations.

We shall not dwell upon these and other similar questions here, as a

meaningful discussion is beyond the scope of these lecture notes.

Food for your thought

In classical mechanics the state of physical system are described by spec-

ifying simultaneous values of coordinates and momenta.

An analysis of thought several experiments to measure position and

momentum of particles leads to the Heisenberg uncertainty principle

which asserts that the position and momentum of a particle cannot

be measured simultaneously. This happens due to an uncontrollable

disturbance, usually in momentum (position), when a measurement of

position (momentum) is made.We are then naturally led to ask how are

the states and dynamical variables are to described in quantum theory?

Early developments suggested that in general dynamical variables

are quantised. We must then face several questions how do we compute

the allowed values of dynamical variables which may be quantised? What

is the method to compute the probabilities of different possible outcomes

of an experiment?

The polarisation and interference thought experiments involving the

photon and electrons leads to the superposition principle of quantum

states. In what way can the superposition principle be formulated math-

ematically.

Since the thought experiments suggest that only probabilities of out-

comes of experiments involving single electron or a single photon can be

predicted. How does one compute the probabilities?

The answers to all such questions can, in principle, be obtained by

appealing to the postulates of quantum mechanics.

Flagged for revision

We end this short introduction with quotes from Feynman:

Fig. 3 Feynman-§1-10

The double slit experiment, that Feynman said has never been done, has

actually been performed. A detailed information about the double slit

experiment with low intensity beams can be found in the article Peter

Rodgers in September (2001) issue of Physics World.

Notes and References

It is strongly recommended that the reader should go through the fol-

lowing sections of the books by Dirac and Feynman.

• The polarization of photons, Dirac [?], §2

• Interference of photons, Dirac [?]. §3



• Superposition and Indeterminacy, Dirac [?] §4

In this section compelling reasons for superposition of quantum

states are given.

• An experiment with electrons, Feynman [?], §1-4

• The interference of electron waves, Feynman [?] §1-5.

• Watching the electrons, Feynman [?] §1-6

• First principle of quantum mechanics, Feynman [?]: §1-7. Feyn-

man presents a short summary of conclusions of the thought ex-

periments.
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