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Laser: History of photon optics
● In most theories up to the eighteenth century, light was pictured as being made up of particles.

● Particle models cannot easily account for the refraction, diffraction and birefringence of light.

●  wave theories of light were proposed by René Descartes (1637), Robert Hooke (1665), and 
Christian Huygens (1678); however, particle models remained dominant, chiefly due to the 
influence of Isaac Newton.

● In 1900, Maxwell's theoretical model of light as oscillating electric and magnetic fields seemed 
complete.

● The Maxwell wave theory, however, does not account for all properties of light. The Maxwell 
theory predicts that the energy of a light wave depends only on its intensity, not on its 
frequency; 

● Several independent types of experiments show that the energy imparted by light to atoms 
depends only on the light's frequency, not on its intensity. 

● Investigations of blackbody radiation carried out over four decades (1860–1900) by various 
researchers culminated in Max Planck's hypothesis that the energy of any system that absorbs 
or emits electromagnetic radiation of frequency ν is an integer multiple of an energy quantum E 
= hν.

●  As shown by Albert Einstein, some form of energy quantization must be assumed to account 
for the thermal equilibrium observed between matter and electromagnetic radiation; for this 
explanation of the photoelectric effect, Einstein received the 1921 Nobel Prize in physics.
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Laser: History of photon optics
● Since the Maxwell theory of light allows for all possible 

energies of electromagnetic radiation, most physicists 
assumed initially that the energy quantization resulted from 
some unknown constraint on the matter that absorbs or 
emits the radiation.

●  In 1905, Einstein was the first to propose that energy 
quantization was a property of electromagnetic radiation 
itself.

● Einstein showed that, if Planck's law of black-body radiation 
is accepted, the energy quanta must also carry momentum p 
= h / λ, making them full-fledged particles. 

● This photon momentum was observed experimentally] by 
Arthur Compton, for which he received the Nobel Prize in 
1927. 

● The pivotal question was then: how to unify Maxwell's wave 
theory of light with its experimentally observed particle 
nature? The answer to this question occupied Albert Einstein 
for the rest of his life, and was solved in quantum 
electrodynamics and its successor, the Standard model.

Up to 1923, most physicists were 
reluctant to accept that 
electromagnetic radiation itself 
was quantized. Instead, they 
tried to account for photon 
behavior by quantizing matter, as 
in the Bohr model of the 
hydrogen atom (shown here). 
Although all semiclassical 
models have been disproved by 
experiment, these early atomic 
models led to quantum 
mechanics.



Semester 2, 2008 Opto-electronics (Waleed S. Mohammed) 5-3

Lasers: The  Photons

● In physics, the photon (or light quantum  as first introduced by Albert Einstein) is the 
elementary particle responsible for electromagnetic phenomena. 

● Photon has zero rest mass; therefore, it travels (in a vacuum) at the speed of light, c. 

● The photon has both wave and particle properties (“wave–particle duality”).

● Photons show wave-like phenomena, such as refraction by a lens and destructive 
interference when reflected waves cancel each other out

● As a particle, it can only interact with matter by transferring the amount of energy

● That differs photon optics from the classical optics, where the wave may gain or lose 
arbitrary amounts of energy.

● The photon also carries momentum and has a polarization (as a full-particle).

● Photons, like all quantum objects, exhibit both wave-like and particle-like properties. Their 
dual wave–particle nature can be difficult to visualize. The photon displays clearly wave-like 
phenomena such as diffraction and interference on the length scale of its wavelength. For 
example, a single photon passing through a double-slit experiment lands on the screen with 
a probability distribution given by its interference pattern determined by Maxwell's 
equations.

E=h c
  , whre h is Planck's constant  h=6.63×10−34J s  and   is the wavelength of the photon.
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Lasers: The  Photons
● The photon is not  a short pulse of electromagnetic 

radiation; it does not spread out as it propagates, nor 
does it divide when it encounters a beam splitter.

● The photon seems like a point-like particle, since it 
is absorbed or emitted as a whole by arbitrarily small 
systems, systems much smaller than its wavelength, 
such as an atomic nucleus (≈10–15 m across) or 
even the point-like electron. 

● Photon is indivisible, when passing through a beam 
splitter it must choose between two paths: reflection 
and transmission. 

● The probability that the photon is transmitted is T 

● The probability that the photon is transmitted is R=1-T 

Probability 
of reflection 

R

Probability of 
transmission 

T

Beam 
splitter
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Laser: Interaction of photon with atom
● Photon interacts with matter because matter contains electric charges.

● The electric field of light exerts forces on the electric charges and dipoles in atoms, molecules 
and solid, causing them to vibrate or accelerate.

● Vibrating electric charges emit light as well.

● Atoms, molecules and solids have allowed energy levels determined by the rules of quantum 
mechanics. 
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If the photon energy matches the 
difference between two energy 
levels, the photon can be 
absorbed by the atom raising it to 
a higher energy level

If the atom undergoes a transition 
to a lower energy level, a photon 
is emitted with energy equals the 
different between the two energy 
levels. 

If the photon energy matches the 
difference between two energy 
levels, in specific conditions the 
interaction results in the creating of 
another identical photon and the 
light is amplified.
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Laser: Interaction of photon with atom
● The photon-matter interaction depends on the allowed energy levels in the matter; atom, 

molecules or solid. 

● From quantum mechanics, the behavior of a particle of mass m (i.e. Electron), with a potential 
energy U(r), is governed by a complex wavefunction ψ(r,t) that satisfied Schrödinger equation. 

● To determine the allowed energy levels in a matter, the time dependance is removed by 
applying the separation of variables. That result in a form

● E is the allowed energy in the system

● The time independent Schrödinger equation is

● The solution of the time independent Schrödinger equation provide the allowed values of 
energy in the system.

● The presence of external source such as thermal excitation or light can induce the system to 
move from one energy level to another. 

−ℏ2

2m
∇2r , tUr , t r , t = jℏ ∂r , t 

∂ t

r.t =rexp [ jE /ℏ t ]

−ℏ2

2m
∇2rUrr =Er
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K

Laser: Interaction of photon with atom

● The energy levels of a molecular system arise from the potential energy of the electron  in 
the presence of the atomic nuclei and electrons, as well as from molecular vibration and 
rotation.

● When the electron potential is caused by the molecular vibration, the allowed energy levels 
solution obtained from the time independent Schrödinger equation is   referred to simply by 
vibrational Energy levels.

● Vibrational Energy levels

● Consider diatomic molecules such as N
2
 and CO.

● The vibration can be modeled by two masses (m
1
 and 

m
2
) connected by a spring with spring constant  K.

●  
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Vibration of diatomic molecule 
using the spring model.

The spring constant K=mr
2  , where mr=

m1m2

m1m2

  is the vibration frequency of the molecule.

The potential energy is Ux=1
2

K x2

The solution of Schrodinger equation results into Energy

levels of the form Eq=q1
2
ℏ
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● For the case of CO2 molecule, three 

different forms of vibrations exist:

– Symmetric stretch

– Asymmetric stretch

– Bending

● The vibration frequency hence differ for 
each type of vibration resulting in three 
different type of vibrational Energies.

● The notitaions q1,q2 and q3 indicate 
symmetric, bending, and asymmetric 
vibrations respectively. 

● Rotational Energy levels

●
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Laser: Interaction of photon with atom
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The rotation of diatomic molecule results
in Energy of the form

E=q q1 ℏ2

2mr ro
2

ro  is the average spacing between 
the molecules.
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Laser: Interaction of photon with atom
● The separation between the vibrational energy levels are in the range between 0.05 and 0.5

 eV. That corresponds to photon in the infra-red region (                       ).

● The rotation energy levels are separated by values in the range between 0.001 to 0.01 eV, 
which corresponds to photons in the far infrared region.  
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Vibrational energy levels in CO2 molecule.(q1q2q3) 
represent symmetric stretch, bending and 
asymmetric stretch respectively. 
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Laser: Interaction of photon with atom
● Another source of potential energy is causes by 

electrons-proton interaction. 

● For an isolated Hydrogen atom, the electron 
potential is driven from Coulomb low of attraction 
between the proton and electron. The solution of 
schrödinger equation leads to energy levels of the 
following form. 

●

● Z is the number of protons in the nucleus (Z=1 for 
Hydrogen and 6 for Carbon).

● The computation of the energy levels in more 
complex system is more complicated.

Eq=−
−mr Z
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Laser: Interaction of photon with atom
● For solids, the atoms, ions, or molecules lie in 

close proximity to each other and can not be 
considered as a collection of isolated atoms, 
ions or molecules. 

● The high energy levels in solid split in closely 
spaced discrete levels and form bands.

● The highest partially filled band is referred to as 
conduction band.

● The valance band lies bellow it.

● The two band are separated by an Energy Eg 
referred to as Energy bandgap.

● Conducting solid (metal)  have a partially filled 
valance band at all tempratures.

● Semiconductors  have closely spaced allowed 
energy levels that take the form of bands.

● Insulators have larger energy band gap (>3 eV) 
than semiconductors.

Band gaps in semiconductors (Si and GaAs)
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