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§1 Consequences of wave particle duality

The year 1926 saw quantum mechanics getting established with for-

malism and rules for computation firmly in place. However, the issues

related to the interpretation were unclear and were being hotly debated.

The thought experiments played an important role in the debates in-

volving Bohr, Schrodinger, Heisenberg and Einstein and others.

In the next two sections we will briefly discuss a few of these thought

experiments which are crucial for understanding the nature of conceptual

changes brought in by quantum mechanics. In these discussions the

wave particle duality plays an important role in clarifying conceptual

issues related to the uncertainty principle and superposition principle in

quantum mechanics.

The wave particle duality has far reaching consequences. Feynman

analyses thought experiments on electron beam incident on single and

double slit. He also discusses the situation when the intensity of electron
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beam is reduced so that only one electron is incident at a time.

Dirac, in his classic book presents, a discussion of photon polarization

experiment and what happens when one photon is incident at time. He

shows that it leads to the principle of superposition of states for photon.

Similar conclusions are reached as a result of an analysis of double slit

interference of photons.

The inability to consistently describe the outcomes of these experi-

ments in terms of deterministic behaviour of a single particle thus leads

to indeterminacy and introduction of probability in quantum theory.

The nature and reasons for appearance probabilities in classical and in

quantum theory are brilliantly discussed by Feynman and by Dirac.

Dirac also emphasizes how superposition principle for quantum states

is different from that for appearing for waves in classical physics.1

It is suggested that the reader should go through the original discus-

sions by Dirac [?] and Feynman [?] on the thought experiments.

§2 Measurement of position

Measurement using a single slit

Let us consider a beam of electrons incident on a thin slit as shown

in the 1. The slit allows only a small width of the beam along the z-

axis to pass through, the rest of the beam is blocked. This could be

regarded as an arrangement for measurement of the z- component of

the position of an electron in the beam. For an electron passing through

the slit, the z- component of the position is known upto an accuracy

equal to the width of the slit d. Let p be the momentum of the electrons

1 Flagged for Adding Excerpts

in the beam. Then the wave length associated with the electrons is

λ = h/p. Due to diffraction of the electron waves the electrons, after

passing through the slit, will come out diverging at an angle α and z-

component of momentum will be uncertain by an amount

∆pz ≈ p sinα (1)

where sinα ≈ λ/d. Thus

∆z∆pz ≈ d× (p sinα) = (p sinα)
( λ

sinα

)

(2)

∴ ∆z∆pz ≈ ~. (3)

Fig. 1 Measurement of position using single slit

Heisenberg Microscope

Let us consider measurement of position of a point particle by means

of a microscope. Let the particle be at a point P and its position be
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measured by allowing light to fall on the particle and collecting the

light scattered from the particle, see 2. The resolving power of the lens,

λ/ sinα, sets the limit on the accuracy upto which the x- component of

position, (see Fig.2.2 ) can be measured. In the process of measurement

the photon gets scattered from the particle and, after the scattering, the

photon will enter the microscope if it is travelling in a cone of angle α.

Thus the x- component of the photon momentum will be uncertain by

an amount p sinα, where p is the initial momentum of the photon. This

introduces an uncertainty

∆px ≈ p sinα =
h

λ
sinα (4)

in the momentum of the particle after the measurement has been

made. Thus, we have

∆x ≈
λ

sinα
, ∆px ≈

h

λ
sinα, (5)

∆x∆px ≈ h (6)

Fig. 2 Heisenberg Microscope

§3 Measurement of momentum

Measurement using Doppler shift

Let us consider an experiment involving measurement of momentum of

an atom by measuring the Doppler shift of the radiation emitted by the

atom[?]. Let ν be the frequency of the radiation emitted by the atom

at rest and ν ′ be the frequency when it is moving with velocity v. Then

the nonrelativistic formula for the Doppler shift gives

v

c
≈

ν − ν ′

ν
(7)

The uncertainty in measurement of velocity depends on the accuracy

of measurement of ν, which in turn depends on the time τ which is the

duration of measurement of the frequency. The error in the frequency

measurement is given by ∆ν = 1/τ . The time T , when the photon

Quantum Mechanics-I Lecture Notes3 3 qm-lec-05005



I.2 Wave Particle Duality and Uncertainty Relation

is emitted, can have any value between 0 and τ . When the photon is

emitted, the momentum changes abruptly by an amount δp = hν ′/c and

the change in velocity is given by δv = δp/m = (hν ′)(mc). The position

becomes uncertain by an amount δvT . Since this time T can have any

value between 0 and τ and it cannot be determined, the uncertainty in

position will be

∆x ≈ δvT
hν ′τ

mc
(8)

The error in measurement of the momentum, using Eq.(7), is given by

∆p = m∆v =
m∆ν ′

cν
=

mc

τν
. (9)

Hence, taking ν = ν ′, we get

∆x∆p ≈ h. (10)

Some other thought experiments, that can be analysed for momen-

tum measurement of a charged particle, consist in using of motion in

a magnetic field, and measuring the change in wavelength in scattering

of photon, Compton effect. In all such experiments one is led to the

Heisenberg uncertainty relation as a consequence of wave particle du-

ality. It must be noted that a measurement of position (momentum)

gives disturbs momentum (position) of the particle by an amount that

is uncontrollable fashion and can not be measured and thereby leading

to the uncertainty relation.
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