
Basics-2

Electromagnetic Radiation and 
its Interaction with Atoms and 

Molecules

Reference: “Spectra of Atoms and Molecules” (by P. Bernath)
“Introduction to Modern Optics” (by G.R. Fowles)



Electromagnetic Radiation

“ Light is Electromagnetic Wave”
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Satisfy Maxwell’s Equations



* Polarization of Light

Linear Polarization:

Circular Polarization:

Elliptical Polarization:
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* Particle Nature of Light 
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Absorption and Emission

* Blackbody Radiation (@Temp T):
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* Einstein A, B Coefficients:

E0

E1

N0

N1

10hν 10hν

③① ②

( , )v Tνρ

① Absorption 
② Stimulated Emission 
③ Spontaneous Emission

10

10

1
01 10 0 10 10 1 10 1

01 101 1

0 10 10 10

/1

0

10

10
10

/01

10

( ) ( )

( )@ , 0
( )

:

( )
1

h kT

h kT

dN B N B N A N
dt

BdN NSteady State
dt N B A

NBoltzmann Distribution e
N

A
B

B eB

ν ν

ν

ν

ν

ν
ν

ρ ν ρ ν

ρ ν
ρ ν

ρ ν

−

= − −

= → =
+

=

⎛ ⎞
⎜ ⎟
⎝ ⎠∴ =

⎛ ⎞ −⎜ ⎟
⎝ ⎠

01 10

3
10

10 3

,

8

B B B

hA B A
c

π ν

= =

= =

Two-Level System

Ni: number density (#/m3)



* Quantum Treatment for two-level system

- Electric dipole transition: int
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- Solve TI & TD Schrödinger eqns:

Due to small variation in E-field for molecular size
(Rule of thumb:  EED ~130EEQ, EEQ~EMD )



For excitation w/ weak linearly polarized light,

- Probability of being in excited state after time t: 

- Transition (probability) rate:
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- Einstein A, B Coefficients (for isotropic radiation):
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“line-shape function g(ν-ν10) consider finite lifetimes 
of excited state due to spontaneous emission or collisions”

Assuming no spontaneous emission and N0~N

line-shape function



- Beer-Lambert Law: 10 10
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 abosrption of a photon per molecule

“absorption cross section”due to negligible contribution 
from spontaneous emission

I (intensity) : W/m2

F (flux) : # photons/m2sec
N (number density): # molecules/m3

σ : m2/molecule
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- Oscillator Strength:

“… a measure of relative absorption intensity by ratio of transition 
intensity to intensity of an harmonically oscillating electron in three 
dimensions…”

2 2

1 1

2

1

2
100

2

1

5

8

4 ln 10
( ) 4.35 10 ( )

1.44 10 (

1
10 ( )

)

,

e

A

m c
f d d

N e

d

f for ED allowed transitions
f for forbidden S T transitions

ν ν

ν ν

ν

ν

ε
ε ν ν ε ν ν

ε ν ν

−

−

−

= ≈ ×

≈

≈

→

×

≈

∫ ∫

∫

- Selection Rule of Transition:
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Ref: Am. J. Phys. 50, 982 (1982); 51, 471 (1983) 



Line Width

Homogeneous Broadening
natural line broadening
pressure (collision) broadening
power broadening
transit time broadening
phonon scattering, 
dephasing processes

“Lorenzian line-shape function”

Inhomogeneous Broadening
Doppler broadening,
Disorder in environment 
(strains, stress, local e-fields, 
solvent cage effects,…)  

“Gaussian line-shape function”

Absorption Spectra of Indole C8H7N
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- Natural line broadening:
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Damped oscillating dipole moment in superposition state
(see Bernath):  
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- Pressure broadening:

“… Collisions induce phase shifts to an oscillating dipole 
or collison-induced energy exchange broaden energy levels…”
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- Dephasing processes:
“… processes that interrupt the phase of the oscillating dipole 
moment due to collisions or phonon scattering…”
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- Power (or saturation) broadening:

“For intense laser radiation, N1/N0 approach 1.
Then, maximum absorption intensity decrease 
→ Central part of spectral line flattens  and wings increase in intensity

(i.e. saturation)  → Spectral line broadens”

※Rabi Oscillation: coherent population oscillation due to strong E-field 
of light shortens lifetime of excited state.

10 ,R

M ERabi frequency ω =
=

2

2
1

2 4
R

R
R

E ωτ ν
πτ π

∴∆ ≥ → ∆ ≥ =i =

- Phonon scattering

⋅ Elastic phonon scattering interrupts phase of oscillation
⋅ Responsible for 1,000 – 10,000 fold narrowing as 300K to 1K
⋅ Complex Temp dependence: depends upon density of phonons (T)



- Doppler broadening:

Doppler effect: 0 1 : / :v forward backward
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Line-shape:

Linewidth:

Total lineshape: 10 0 10 0 0( ) ( ) ( )I Hg g g dν ν ν ν ν ν ν+∞

−∞− = − −∫
“Voigt lineshape”

e.g.) Na atoms in heat pipe cell at 300K:

10.044 1317D cm MHzν −∆ = =

T(K), M(amu)



- Removal of line broadening: two examples

Effusive (supersonic) atomic or molecular beam:

Laser

“No collisions and Doppler-free”

Lamb dip spectroscopy:

Use of two counter-propagating laser beams (pump, probe) 
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