
DUALITY OF THE ELECTROMAGNETIC 
RADIATIONS



Basics
1. Thermal radiation

• Definition (thermal radiation):
Thermal radiation is electromagnetic radiation generated by the thermal
motion of charged particles in matter. All matter with 
a temperature greater than absolute zero emits thermal radiation. When 
the temperature of the body is greater than absolute zero, interatomic 
collisions cause the kinetic energy of the atoms or molecules to change. 
This results in charge-acceleration and/or dipole oscillation which 
produces electromagnetic radiation, and the wide spectrum of radiation 
reflects the wide spectrum of energies and accelerations that occur even 
at a single temperature.

• Definition (spectral emission):
It is the intensity radiated into the unit solid angle in the volume relative 
to unit wavelength range. 
Symbol: E
Dimension: W/m2

Comment: E(, T)



Basics

• Definition (Absolute black body):
It is a body which absorbs all incoming radiations (absolute absorber) or 
emits all radiations if it is a radiator (absolute emitter). It is an idealization
for a model. 

• Conclusion:
It is a well usable model for modeling thermal radiations. 



1. Stefan – Boltzmann`s law

• Law (Stefan – Boltzmann`s law):

A body with a unit surface emits radiation to its environment. The emitted radiation is 
proportional to T4 where T is the absolute temperature during unit time.     

Symbols: P – thermal power, [P] = W, watts
A – surface, [A]= m2

T – absolute temperature, [T]= K, kelvins

With symbols:

first term approximation: 𝑃 ∝ 𝑇4

Second term approximation : 𝑃 ∝ 𝐴 ∙ 𝑇4
in order to solve the proportionality a constant of proportionality will be introduced here:

𝑃 = 𝑘 ∙ 𝐴 ∙ 𝑇4
• Definition (Stefan – Boltzmann`s constant):

Name of the 𝑘 constant of proportionality is Stefan – Boltzmann`s constant. Symbol of it is 
𝜎 (sigma). Value of Stefan-Boltzmann`s constant:

𝜎 = 5,67 ∙ 10−8 𝑊/𝑚2𝐾4

Mathematical form of the Stefan-Boltzmann`s law:

𝑷 = 𝝈 ∙ 𝑨 ∙ 𝑻𝟒



• Law (Wien`s displacement law): 

Wien's displacement law states that the wavelength distribution of thermal 
radiation from a black body at any temperature has essentially the same shape as 
the distribution at any other temperature, except that each wavelength is 
displaced on the graph. 

From this general law, it follows that there is an inverse relationship between the 
wavelength of the peak of the emission of a black body and its temperature when 
expressed as a function of wavelength, and this less powerful consequence is 
often also called Wien's displacement law.

• In mathematical form:

𝑚𝑎𝑥 ∙ 𝑇 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
• Value of the constant: constant = 2,88 ∙ 10−3 𝑚𝐾
• Comment:

It is able to use only for short wavelengths and lower temperatures.

2. Wien`s displacement law



2. Wien`s displacement law



3. Rayleigh – Jeans law

k = 1.38 × 10-23 m2 kg s-2 K-1 – Boltzmann`s constant

• Rayleigh and Jeans determined the concrete form of the spectral emission function of
the radiation volume 𝐸 ν, 𝑇 . In other words:
Rayleigh–Jeans law attempts to describe the spectral radiance of electromagnetic 
radiation at all wavelengths from a black body at a given temperature through classical 
arguments.

• Law (Rayleigh - Jeans):
The formula:

𝑬 𝒇, 𝑻 =
𝟖𝝅

𝒄𝟑
∙ 𝒇𝟐 ∙ 𝒌 ∙ 𝑻

This formula is called as Rayleigh – Jeans law. If the ν frequency is replaced by λ
wavelength, the following formula can be written:

𝑬 𝝀, 𝑻 =
𝟖𝝅𝒌

𝝀𝟓
∙ 𝝀 ∙ 𝑻

•
Comment:
The Rayleigh-Jeans law is able to describe only the region of longer wavelengths of the
rediation spectrum of a black body.



The „ultraviolet catastrophe”

• Observation (P.S. Ehrenfest):
Raileigh – Jeans law gives irreally high (infinte) spectral radiation at very small
wavelengths. In mathematical form:

𝐥𝐢𝐦
𝝀𝟎

(
𝟖𝝅𝒌

𝝀𝟓
∙ 𝝀 ∙ 𝑻) = ∞

This mathematical observation is called as „ultraviolet catastrophe”.

How can be the problem solved? 



Connection of Rayleigh – Jeans law and 
Wien`s displacement law

E Spectrum
(experimental)

Rayleigh – Jeans
formula

Wien formula



Planck`s law
• Planck's law describes the electromagnetic radiation that pervades any medium, 

whatever its constitution, that is in thermodynamic equilibrium at a 
definite temperature. If the medium is of homogeneous and isotropic constitution, 
then the radiation is homogeneous, isotropic, unpolarized, and incoherent. The 
law is named after Max Planck, who originally proposed it in 1900. It is a pioneer 
result of modern physics and quantum theory.

• Planck hypothesis #1.:

• Thermal radiation originates from little oscillations. Little oscillations are called as: 
oscillators. The possible energies radiated from the oscillators are discrete or in
other words, the energy radiated is quanted. The energy amount is well
determined by:

𝜺, 𝟐𝜺, 𝟑𝜺, 𝟒𝜺,…

In case of „n” oscillators the net energy radiated by them:

𝜺𝒏 = 𝒏 ∙ 𝜺, 𝒂𝒉𝒐𝒍 𝒏 ∈ ℤ



Planck`s law

• Planck hypothesis #2.:
The oscillators jump from one energy level to another one. („Oscillators can jump
any energy levels in between the two given ones.) The energy difference (between
the two mentioned energy level) is absorbed or emitted. 

• Energy is a discrete and not a continous quantity. 

• The energy quantum – according to Planck – is proportional to the frequency of 
the emitted or absorbed radiation. In mathematical form:

𝓔 ∝ 𝒇, 𝒂𝒛𝒂𝒛 𝜺 = 𝒉 ∙ 𝒇
• (Planck-constant):

The  ℎ is a constant of proportionality. It is a universal constant which has been
called as Planck constant in memory of Max Planck. The value of the Planck 
constant:

𝒉 = 𝟔, 𝟔𝟐𝟔𝟏𝟕𝟔 ∙ 𝟏𝟎−𝟑𝟒 𝑱 ∙ 𝒔



• Law (Planck`s law about the thermal radiation):
Mathematical form of the Planck`s law about the thermal radiation:

𝑬 𝒇, 𝑻 =
𝟖𝝅𝒉𝒇𝟑

𝒄𝟑
∙

𝟏

𝒆
𝒉𝒇
𝒌𝑻−𝟏

(1)

and

𝑬 𝝀, 𝑻 =
𝟖𝝅𝒄∙𝒉

𝝀𝟓
∙

𝟏

𝒆
𝒉𝒄
𝝀𝑻𝒌−𝟏

(2)

Ahol, 𝑐 : speed of light in vacuum,  [c] = m/s
𝑓 ∶ frequency of the radiation, [𝑓] = 1/s

𝜆 : wavelength of the radiation,  [𝜆] = m

𝑘 : Boltzmann constant

𝑇 : absolute temperature,  [𝑇] = K (kelvins)

ℎ : Planck constant

Planck`s law



Photoeffect



Preliminary experimental results

1. Observation of Hertz:
1887: H. Hertz observed, that the spark discharges between two electrodes can be 
improved (or facilitated) by ultraviolet light irradiation.

2. Hallwachs – Stoljetow-effect:
1888: Hallwachs and Stoljetow diagnosed that the ultraviolet light irradiation
disengages electrons from the negatively charged metal plate. 

Experimental setup: 

3. Observations from P. Lenard és J.J. Thomson – outer photoeffect:
1898: P. Lenard és J.J. Thomson ran experiments in vacuum in order to prove
Hallwachs and Stoljetow effect. They could measure the specific charge of the

emitted particles (
𝑒

𝑚
) . After analyzing the results they pronounced that the

emitted particles are/were electrons. 

Arc lamp ZN plate

Electroscope



Photoeffect
Photon = „light particle”  𝑬 = 𝒉 ∙ 𝒇

𝒆− 𝒆−

𝐸0 =
3

2
𝑘𝑇 𝐸′ = 𝐸0 + ℎ𝑓 The electron absorbs the incoming photon

Electron moves to the surface. 
The movement might need

E energy.

The electron moves out from the metal accross the surface.
The movement needs 𝑊𝑘𝑖 = 𝑒 ∙ 𝑈 energy.

If ∆𝑬 = 𝟎 𝒂𝒏𝒅 𝑬𝟎 → 𝟎 :

𝟏

𝟐
𝒎𝒗𝒎𝒂𝒙

𝟐 = 𝒉 ∙ 𝒇 −𝑾𝒌𝒊

Einstein equation:

Photon heats the surface.



Generating x-rays

Vacuum chamber

Cathode radiation

X-ray radiation

AnodeCathode



Compton-scattering

∆𝝀 =
𝒉

𝒎𝟎𝒄
∙ (𝟏 − 𝒄𝒐𝒔𝜽) 𝝀𝑪 =

𝒉

𝒎𝟎𝒄

Compton-formula: Compton-wavelength:



Summary: 
duality of electromagnetic radiations

• Thermal radiation
• photoeffect
• Compton-effect, Compton-

scattering

• Interference
• Reflection, refraction, diffraction

Particle
„form”

Wave
„form”

Models: Wave model and Particle model

Electromagnetic radiations show duality behaviour: 
they are particles and waves simultaneously.


