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Lecture 3: Wave particle duality
3.1 De Broglie hypothesis

An important step in the development of a satisfactory quantum theory
occurred when Louis de Broglie in 1929 in his PhD work postulated that:

e Nature is strikingly symmetrical.
e Our universe is composed entirely of light and matter.

o If light has a dual wave-particle nature, perhaps matter also has this
nature.

The dual nature of light shows up in equations;
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Each equation contains within its structure both a wave concept (4;1), and a
particle (p; E).

The photon also has an energy given by the relationship from the relativity
theory
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E=mc (for photon) , £ = 5_m (for particles)

Since E=hv = % , we find the wavelength
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where p is the momentum of the photon.

This does not mean that light has mass, but because mass and energy can be
interconverted, it has an energy that is equivalent to some mass. De Broglie
postulated that a particle can have a wave character, and predicted that the
wavelength of a matter wave would also be given by the same equation that
held for light, where now p would be the momentum of the particle
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where v is the velocity of the particle.
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Example: What is the de Broglie wavelength of an electron whose Kkinetic
energyis K=100eV?

Calculate the velocity of the electron from which we then find the de Broglie
wavelength corresponding to that velocity.

The velocity of the electron of energy 100 eV is

V=1/£ =59x10° m/s
m

Hence, the de Broglie wavelength corresponding to this velocity is

-34 o
h 6.63x107"J.s 2 A

mv O 11x107 Kg5.9x107m)

3.2 Heisenberg uncertainty principle

In quantum mechanics, the Heisenberg uncertainty principle states that certain
pairs of physical properties, like position and momentum, cannot both be
known to arbitrary precision. That is, the more precisely one property is
known, the less precisely the other can be known. According to the uncertainty
principle, it is, for instance, impossible to measure simultaneously both
position and velocity of a microscopic particle with any degree of accuracy or
certainty.
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3.3 Single slit experiment

In this section we will discuss the nature of the Fraunhofer diffraction pattern
produced by a single slit. Some important features of this problem can be deduced by
examining waves coming from various portions of the slit, as shown in Figure (3.1).
According to Huygens principle, each portion of the slit acts as a source of waves. Hence,
light from one portion of the slit can interfere with light from another portion, and the
resultant intensity on the screen will depend on the angle 6.
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Figure 3.1: Diffraction by single narrow slit and its intensity distribution

To analyze the diffraction pattern, it is convenient to divide the slit in two halves, as in
Figure (3.1). All the waves that originate from the slit are in phase. Consider waves 1 and 3,
which originate from the bottom and center of the slit, respectively. Wave 1 travels farther
than wave 3 by an amount equal to the path difference (a/ 2)sin 6, where @ is the width of
the slit. Similarly, the path difference between waves 2 and 4 is also (a/ 2)sin 6 . If this path
difference is exactly one half of a wavelength (/1/ 2), the two waves cancel each other and

destructive interference results. This is true, in fact, for any two waves that originate at
points separated by half the slit width because the phase difference between two such points

is 180°. Therefore, waves from the upper half of the slit interfere destructively with waves
from the lower half of the slit when

Lsing = 4

2 2

or when

sin@ =

Q|
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If we divide the slit into four parts rather than two and use similar reasoning, we find that
the screen is also dark when

sin@ =—
a

3.4 Young’s double-slit experiment

Young originally carried out his double-slit experiment to test the wave nature of light
and his simple arrangement still finds practical use in measurements of the coherence of
light. Figure (3.2) shows a typical experimental layout. Waves propagate from the source
slit S through the two slits, X; and X, to a point P in the detection plane equals the sum of
the electric field amplitudes that arrive at that point via slits X; and X,. In any interference
or diffraction calculation the resultant amplitude at the final point is determined by
summing the contributions from all possible paths taking account of the phase. For the
double slits
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Figure 3.2: The Young’s double slit experiment

we define 7, as the distance from S to P via X, and similarly 7, for the path through slit X,

as shown by the dotted lines in Fig. 3.2 (b). Slits of the same size contribute equally to the
total amplitude at a point on the plane P:

Epan (e—i27r€1//1 " e—i27r€2//1)

2
The intensity is proportional to the square of this amplitude, la ‘E ‘ so that

I=1, cosz(éj
2
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Here ¢ =27(¢,—(,)/2 is the phase difference between the two arms
and [y is the maximum intensity. Bright fringes occur at positions in
the detection plane where the contributions from the two paths
interfere constructively; these correspond to ¢=2n7, with n an

integer, or equivalently

(,—0 =nA

To find the spacing of the fringes in the plane of observation we
define the coordinate X measured perpendicular to the long axis of
the slits in the plane P. In terms of the small angle defined in Fig. 3.2
(b) this becomes

X =Ltan @

A similar small angle approximation allows us to express the path
length difference in Fig. 3.2 (b) as

0,—0 =Al+dsinf

Here A/=S2,-S2., the path difference before the slits. The path
length difference from the two slits of separation d to P is d sind. The
last three equations give the spacing of the fringes as

L2
d

AX
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3.5 Phase and group velocities

We know matter waves (de Broglie waves)

=t

p mv
where v is the velocity of a particle of the mass m.

For particles and according to relativity

2
E =mc” andsince £ =hV then

2
mc

me® =hy >y =——

If we define u as the phase velocity and is given by

u=Ay=tme &

mv h \4

Thus, the velocity of the matter waves is larger than speed of light in
vacuum, u > ¢, unless v > c.
This result seems disturbing because it appears that the matter
waves would propagate faster than the speed of light and would not
be able to keep up with particles whose motion they govern.
However, the phase velocity of a wave is the velocity of the wave
front, not its amplitude. The maximum of the amplitude of a given
wave can propagate at different velocity, called group velocity.

At this velocity the energy (information) is transmitted. Usually, vy =

u, but in the case of dispersion, u(v), the group velocity vy < u. Thus,
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the matter wave should be dispersive to match the requirement of

vg <u when u > c.

The group velocity is given by

dw
V =——
* dx
where wis the angular frequency and x is the wave number.

Phase Velocity (u)

i Ty
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Group Velocity (vg)

L=1

27
since @ =27vand K= —, then we get
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Lecture 3: Wave—Particle Duality (MCQs)

Q1. According to de Broglie's hypothesis, the wavelength of a patrticle is given by:
A) A =h/E

B)A=hip
C)A=plh
D)A=hv

Q2. The dual nature of matter was first proposed by:
A) Max Planck

B) Albert Einstein

C) Louis de Broglie

D) Werner Heisenberg

Q3. If an electron has momentum p, its de Broglie wavelength is:
A) inversely proportional to p

B) directly proportional to p

C) independent of p

D) proportional to p”2

Q4. The de Broglie wavelength of an electron increases when:
A) Its momentum increases

B) Its velocity increases

C) Its kinetic energy decreases

D) Its mass decreases

Q5. Heisenberg’s uncertainty principle for position and momentum can be expressed as:
A) AxAp <h

B) Ax Ap = h/2

C)AxAp=0

D) Ax Ap = mv

Q6. Which of the following pairs of quantities cannot be simultaneously measured with arbitrary
precision?

A) Energy and frequency

B) Position and momentum

C) Wavelength and frequency

D) Mass and velocity

Q7. In the single-slit diffraction experiment, the first minimum occurs when:
A) asind=A

B) a sinB = A/2
C) asind =2A
D)asin6=0

Q8. In the single-slit pattern, destructive interference occurs when the slit is divided into two halves
because:

A) Waves from the top and bottom are out of phase by 90°

B) Waves from the two halves cancel each other with 180° phase difference

C) All waves add constructively

D) Light intensity becomes maximum

Q9. In Young’s double-slit experiment, bright fringes occur when:
A) Path difference = (2n+1)A/2

B) Path difference = nA

C) Path difference = A\/4

D) No path difference

Q10. The fringe spacing in a double-slit experiment is given by:
A) AX = AL/d



B) AX = d/AL
C) AX = MdL
D) AX = L/(Ad)

Q11. The visibility of interference fringes improves when the light source is:
A) Highly incoherent

B) Monochromatic and coherent

C) White light source

D) Extended and non-coherent

Q12. Phase velocity of de Broglie waves is defined as:
A) u = wk

B)u=v

C)u=Af/2

D) u=v"2/c

Q13. Group velocity of a wave packet is given by:
A)v_g=wk

B) v_g = dw/dk

C)v_g=Af

D)v_g=c"2/v

Q14. For matter waves, the relation between phase velocity u and particle velocity v is:
Au=v

B)u<v

C)u>chbutv g<c

D)u=c

Q15. Which experiment first confirmed the wave nature of electrons?
A) Photoelectric effect

B) Davisson—Germer experiment

C) Rutherford’s scattering experiment

D) Compton scattering

Q16. If the kinetic energy of an electron increases, its de Broglie wavelength:
A) Increases

B) Decreases

C) Remains constant

D) Becomes infinite

Q17. The uncertainty relation between energy and time is given by:

A) AE At = h/2

B) AE At=h

C) AE At<h/2

D)AE At=0

Q18. The path difference between light from two slits in Young’s experiment is:
A) d sinf

B) 2a sinB

C) L tan6

D) A/2

Q19. The intensity distribution in a double-slit experiment is proportional to:
A) Square of the sum of electric field amplitudes

B) Product of wavelengths

C) Difference of frequencies

D) Square root of path difference

Q20. In dispersive media, the condition for wave packets to carry energy correctly is:
A) v_g = u always
B)v._.g<uwhenu>c



C)v.g=0
D)v.g>u
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