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BEGINNING OF QUANTUM AGE

What you already know

• Cathode rays
• Anode rays
• Thomson’s model
• Rutherford’s model
• Millikan’s oil drop experiment
• Quantisation of charge

What you will learn

• Electromagnetic wave
• Electromagnetic spectrum
• Black body
• Quantum theory of radiation 

Electromagnetic wave

Properties of Electromagnetic Waves

• The electric and magnetic field components oscillate perpendicular to each other as well as 
perpendicular to the direction of propagation of the wave. 

• Electromagnetic waves do not require a medium and can travel in vacuum. 
•   Electromagnetic waves propagate at a constant speed, i.e., approximately equal to 3 × 108 ms-1  

in vacuum.

Fig. 1: Electromagnetic wave
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•    Velocity (c or v): It is the distance travelled by the wave in one second. 
      SI unit: ms-1

      It is related to frequency and wavelength as, c = 𝛎 × 𝛌
•     Wavelength (𝛌): It is the length of a wave or the distance between two nearest crests or 

troughs. It is represented by 𝛌 (Lambda). 
      SI unit: m
•     Amplitude (A): It is the height of a crest or the depth of a trough.
      SI unit: m 
•     Frequency (𝛎 ): It is the number of waves or cycles that passes a given point in one second. It is 

represented by 𝛎  (nu).
     SI unit: Hertz (Hz), s-1

•    Time period (t): It is the time taken by a complete cycle of the wave to pass a point.
      SI unit: s
      t = 
•     Wavenumber (⊽): It is the number of wavelengths per unit length. It is represented by ⊽ (read 

as nu bar).    
     SI unit: m-1 
      ⊽ = 

      𝛎 =

      𝛎 = c⊽
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Electromagnetic Spectrum

•    The arrangement of the various types of electromagnetic radiations in the order of their 
increasing wavelengths or decreasing frequencies is known as the electromagnetic spectrum.

•    Range for visible spectrum is as follows: 
     Violet (400 nm) to Red (750 nm)
•   Radio waves have the longest wavelength and gamma rays have the shortest wavelength.
•   Order of increasing wavelength in the EM spectrum is as follows: 
     Gamma rays < X-rays < UV rays < Visible < Infrared < Microwaves < Radio waves
•   Trick to remember electromagnetic spectrum (Order of decreasing wavelengths) is as follows: 
     Rahul Mishra Is Visiting Uncle Xavier’s Garden
     

Fig. 3: Electromagnetic spectrum
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R: Radio waves, M: Microwaves, I: Infrared, V: Visible, U: Ultraviolet (UV) rays, X: X-rays, 
     G: Gamma rays

Drawbacks of Electromagnetic Wave Theory 

Continuous vs Discrete

It could not explain the following: 
•     Black-body radiation
•     Photoelectric effect
•     Variation of heat capacity of solids with temperature
•     Line spectrum of atoms
Note: Radiation can have dual nature, i.e., wave as well as particle nature. 

Fig. 4: Continuous nature

•    Quantisation (Discrete): A quantised property is the one that 
comes in a definite amount and the property may be obtained in a 
multiple of that definite amount.

•    Quantisation is the process of converting a continuous range of 
values into a finite range of discrete values.

     Example: Water is being continuously filled in the bucket as shown. 
      We can say that the mass of water inside the bucket is increasing 

continuously. But the mass of a single water molecule has a 
discrete value (i.e. 18 amu), so we can say that the mass of water 
inside the bucket is increasing as a multiple of the mass of a 
single water molecule (i.e. 18 amu X n; where n = number of water 
molecules).

Back to EM Waves

•    Charged particles always emit an electric field. When some other 
charged particle comes in the vicinity of the electric field, they feel 
an electric influence (like the gravitational field of the Earth that 
attracts things). 

•    When a metallic body is heated, atoms present in the metal start 
vibrating and so do the charged particles present in the metal. 

•    Due to a sudden jerk, the position of the charged particle is 
displaced down. However, as the electric field line does not get 
enough time to adjust its position, it goes up again and the electric 
field looks like a wave.

. 

Fig. 6: Change in frequency and wavelength of EM waves with temperature 

Fig. 5: Emission of electric 
field from charged particle
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As we increase the temperature, the vibrational kinetic energy of the charged particle increases and 
as a result, the charged particle starts oscillating faster. So, the frequency of radiation increases or 
the wavelength decreases since their product is a constant i.e. c, speed of light. ( c = λν )

Heating an iron rod

•    All bodies around us emit radiation, but as every emitted radiation does not fall in the visible 
region at room temperature, we are unable to see it. 

•    At room temperature, an iron rod emits radiation in the infrared region, but as we increase the 
temperature, the wavelength of the radiation decreases. So, the iron rod becomes red-hot as 
we continue heating it. On further heating, the colour gradually changes from red to blue.

Fig. 7: Variation of wavelength of emitted radiation with heating of iron

Black Body

A black body or blackbody is an idealised 
(theoretical) physical body that absorbs 
and emits all the incident electromagnetic 
radiation, regardless of its’s frequency or it’s 
angle of incidence.

Fig. 8: Ideal Black body 

•    When light falls on a body, the radiation of the visible light that gets reflected from the body is 
perceived as the colour of the body. If the body absorbs all the visible light, the body appears to 
be black and this kind of body can be known as a visually black body. 

•    As a black body does not reflect (zero reflection) any radiation that is falling on it, the body 
may appear as black and so the name is given as black body. This body can be known as a 
radiatively black body, as it radiates same amount of energy per unit area as it absorbs from it’s 
surroundings in any given time.

Note: All visually black bodies are not radiatively black bodies but all the radiatively black bodies 
are visually black bodies.

Why the name, black body?

BOARDS MAIN
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Wavelength-Intensity Relationship

•    According to the classical theory 
of radiation, when a black 
body is heated, the intensity of 
the radiation increases as the 
wavelength decreases. However, 
the theory could not explain the 
experimental results satisfactorily, 
as it can only explain in the higher 
wavelength region and fails to do 
so in the lower wavelength region 
as the intensity approaches infinity.   

•    UV catastrophe: The ultraviolet 
catastrophe is the name given to 
a conflict between the theory and 
observation in classical physics. 
An ideal black body at thermal 
equilibrium emits radiation in all 
frequency ranges. It emits more 
energy as the frequency increases.

•    According to Planck’s quantum 
theory, the energy of a radiation 
is quantised and this theory could 
explain the variation in intensity 
with wavelength.

•    The exact frequency distribution of an emitted radiation (i.e., intensity versus frequency curve 
of the radiation) from a black body depends only on its temperature.

•    As the temperature increases, 𝛌max (wavelength for which the intensity is maximum) decreases. 

Fig. 9: Wavelength intensity graph for black body
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Note: Intensity is the brightness of light or the measure of the number of photons. More the 
intensity, more will be the number of photons falling on the surface.
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 Planck’s Quantum Theory of Radiation

•    The smallest quantity of energy that can be emitted or absorbed in the form of electromagnetic 
radiation is known as a quantum of radiation.

•    These quantum of radiation are known as photons (a packet or a bundle of energy).
•    The energy (E0) of a quantum of radiation is directly proportional to its frequency (𝛎 ).
     E0∝ 𝛎 radiation. The SI unit for the energy is Joule.

E0 = h𝛎  =        where h is Planck’s constant = 6.626 × 10-34 Js

ETotal = nE0 = nh𝛎 ,   where E0 = Energy of one photon (Joule), n (Number of photons) = 0, 1, 2, ..                                                                        

hc
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Calculating the energy of a photonic radiation

Calculating the rate of emission of photons

Calculating the rate of emission of photons

Calculate the energy of one mole of photons of radiation whose frequency is 5 × 1014 Hz. 

A 100 W bulb emits a monochromatic light of wavelength 400 nm. Calculate the number of 
photons emitted per second by the bulb.

What will be the approximate number of photons emitted by a bulb of 40 W in 1 minute with a 
50% efficiency? (λ = 300 nm)

Step 1:
Calculating the energy emitted per second
Power = Energy emitted/Time 
Energy emitted = Power × Time
Energy emitted = 100 Js-1 × 1 s
Energy emitted per second = 100 J

Step 2:
Applying Planck’s quantum theory of radiation

E = 

Where
n = Number of photons (n = 0, 1, 2…)
h = 6.626 × 10-34 Js (Planck’s constant)
c = 3 × 108 ms-1 (Speed of light)
λ = 400 × 10-9 m (Wavelength of emission)

Apply Planck’s quantum theory of radiation
E = n × h × 𝛎 
Where
n = Number of photons (n = 0, 1, 2…)
(Planck’s constant)
𝛎  = 5 × 1014 Hz (Frequency of radiation)

E = NA × 6.626 × 10-34 Js × 5 × 1014 s-1

Here, NA = 6.023 × 1023 mol-1, (Avogadro number)
E = 6.023 × 1023 mol-1 × 6.626 × 10-34 Js × 5 × 1014 s-1

   = 1.995 × 105 J mol-1

Solution

Solution

n × h × c
λ

(100 J × 400 × 10-9 m)

(6.626 × 10-34 Js × 3 × 108 ms-1)

(E × λ)
(h × c)∴ n = 

n = 

n = 2.012 × 1020
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Energy emitted = Power × Time × Efficiency
Energy emitted = 40 Js-1 × 1 s × 0.5
Energy emitted per second = 20 J

Power =

Step 2:
Applying Planck’s quantum theory of radiation

E =
Where
n = Number of photons (n = 0, 1, 2…)
h = 6.626 × 10-34 Js (Planck’s constant)
c = 3 × 108 ms-1 (Speed of light)
λ = 300 × 10-9 m (Wavelength of emission)

∴ n =

Energy emitted
(Time × Efficiency)

n × h × c
λ

(E × λ)
(h × c)

(20 J × 300 × 10-9 m)

(6.626 × 10-34 Js × 3 × 108 ms-1)
n = 

n = 3.018 × 1019

This is the number of photons emitted per 
second.
The number of photons emitted per minute
= 3.018 × 1019 × 60
= 1.811 × 1021

Calculating the wavenumber of photons

The bond energy of Br2 is 194 kJ mol–1. Find the minimum wave number of photons required to 
break this bond. (h = 6.62 × 10–34 Js, c = 3 × 108 ms-1)

Bond energy for 1 molecule
= Bond energy per mole/NA (where NA is the Avogadro number)

=                                   = 3.221 × 10-19 J

Where
n = Number of photons (n = 0, 1, 2…)
h = 6.626 × 10-34 Js (Planck’s constant)
c = 3 × 108 ms-1 (Speed of light)
Here,      is the wavenumber

Step 1:
Calculating the bond energy per molecule of Br2.

Step 2:
Applying Planck’s quantum theory of radiation

E = 

Solution

(194 × 103 Jmol-1)
(6.023 × 1023 mol-1)

n × h × c
λ

1
λ

Wavenumber =  

Wavenumber =  

Wavenumber = 1.620 × 106 m-1

E
n × h × c

(3.221 × 10-19 J)
(1 × 6.626 × 10-34 Js × 3 × 108 ms-1)

∴

Step 1:
Calculating the energy emitted per second

Solution
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