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Interaction of Light & Atomic Systems

• Assume
– Only two possible states of energy: Wu and Wl
– Energy levels are infinitesimally sharp
– Optical transitions occur between u and l
– Monochromatic radiation is emitted or absorbed at 

frequency νul
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Interaction of Light & Atomic Systems - 2

• The initial populations of the levels are Nu and Nl atoms/unit 
volume, respectively
– The total population of the system

• Ntot = Nl + Nu

– Relative population given by Boltzmann
• Nu/Nl = exp[- hνul/kBT]

• Spectral distribution of radiation within the enclosure 
characterised by atomic transition processes
– absorption of energy (stimulated) 
– spontaneous emission of energy
– stimulated emission of energy
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Interaction of Light & Atomic Systems

• At equilibrium the spectral radiation density within an isolated
thermal cavity is constant and given by Planck's black-body 
relationship

– (8πν2n3/c3)hν
– ρ(ν) = -------------------- [J Hz-1 m-3]
– [exp(hν/kBT)-1]

• The number of oscillation modes per unit volume  is 
8πν2n3/c3

• The photon energy is hν
• The number of photons in a mode is 1/[exp(hν/kBT)-1] 

• Energy Transition Processes
– Above system is now irradiated by a monochromatic wave 

of radiation density ρ(ν) and frequency νul
– For each transition mechanism, simple rate equations 

describe atomic populations



Stimulated Absorption

• Photons, of frequency νul, from incident radiation are absorbed by 
the gas 
– Atoms are excited from level l to level u

• Rate at which lower level l is de-populated (loses atoms)
– (dNl/dt)abs = Nl ρ(ν) Blu [s-1 m-3]
– Blu Einstein "B-coefficient" of absorption for the transition
– proportional to the probability of a photon being absorbed 

between the levels
– SI units of Blu are m3 J-1 s-2
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Spontaneous Emission

• Excited atoms can spontaneously de-excite from levels u to l
• Photons are emitted by random process that occurs over a 

duration which is related to the natural lifetime of the energy 
transition
– phase and power of the emitted radiation is independent of 

any external radiation
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Spontaneous emission

• Rate at which level u is depopulated
– (dNu/dt)spont = Aul Nu [s-1 m-3]
– Aul Einstein "A-coefficient" of spontaneous emission
– SI units of Aul are s-1

– related to the probability of spontaneous emission between 
levels u and l

• The spontaneous lifetime of the transition
– τul = 1/Aul [s]
– Represents the average time an atom will reside in level u 

before de-excitation to level l
– Typical values nanoseconds to seconds



The Einstein Relationship – First Try
• System in thermal equilibrium with its surroundings

– Relative population of levels at all times governed by the 
Boltzmann relationship

• For this to remain constant, the transition rate to the upper level must 
equal the transition rate to the lower level
– (dNl/dt)abs = (dNu/dt)spont

• Thus
– [Blu Nl ρ(ν)] = [Aul Nu]

• Thus the radiation density is
– ρ(ν) = (Aul/Bul) (Nl/Nu)

= (Aul/Bul) exp[- hνul/kBT]
– Doesn’t Match Planck
– (8πν2n3/c3)hν
– ρ(ν) = --------------------
– [exp(hν/kBT)-1]
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Stimulated Emission
• Some excited atoms induced to de-excite from level u to l by 

stimulated emission
– phase is identical to stimulating light
– emitted power is proportional to incident  power

• Hence the rate of de-population of level u is
– (dNu/dt)stim = Bul Nu ρ(ν) [s-1 m-3]
– Bul is Einstein "B-coefficient" for stimulated emission
– proportional to the probability of stimulated emission 

between u and l
– SI units of Bul are m3 J-1 s-2

W2

W1

W = hf
Incident photon

W = hf
Stimulated photon

Stimulated emission



The Einstein Relationship - 1
• (dNl/dt)abs = (dNu/dt)spont + (dNu/dt)stim
• Thus

– [Blu Nl ρ(ν)] = [Aul Nu] + [Bul Nu ρ(ν)]
• Thus the radiation density is

(Aul/Bul)
ρ(ν) = ----------------------------

(Blu/Bul)(Nl/Nu)-1

(Aul/Bul)
= ------------------------------------

(Blu/Bul) exp[- hνul/kBT]-1

Matches Planck
(8πν2n3/c3)hν

ρ(ν) = --------------------
[exp(hν/kBT)-1]
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The Einstein Relationship

• Also the ratio of spontaneous to stimulated emission 
coefficients is

Aul 8πhν3n3

------ = ------------- [J Hz-1 m-3]
Bul c3

• Thus we can rearrange for the stimulated emission coefficien,
Blu = Bul = B = c3/[8πhν3τn3]

• We now express radiation density as
– A                   1

ρ(ν) = ------ x ---------------------- Einstein Relationship
– B     [exp(hν/kBT)-1]



Significance of Stimulated Emission

• The ratio of stimulated to spontaneous output is
BulNuρ(ν)         ρ(ν)Bul

R = ---------------- = -----------
AulNu Aul

• On substituting for BB equn, ρ(ν), we get
R = 1/[exp(hν/kBT) - 1]

• For stimulated and spontaneous processes to be equally likely 
above equation should equal unity.

• Substituting some typical numbers will show that for this to 
occur naturally temperatures in excess of 30,000 K are needed!!



Significance of Stimulated Emission

• Have defined the no. of photons in a single mode earlier as
Nph(m) = 1/[exp(hν/kBT) - 1]

– Then we see that the number of photons in a given oscillation mode (cavity 
frequency) depends on the ratio of stimulated to spontaneous emission.

• It is stimulatedstimulated emissionemission, which increases the number of photons in a given 
mode.

– Spontaneous emission is a random process that bears no relationship to the 
incident beam in either phase or power.

– Stimulated emission does bear a phase relationship to the incident beam and is 
proportional to the power of the incident beam.

• Hence if our aim is to amplify light
– we must promote stimulated emissionpromote stimulated emission at the expense of spontaneous 

emission.
– To increase the relative importance of stimulated emission, we need to increase increase 

the radiation density within the cavitythe radiation density within the cavity.







Quantum Mechanics of Lasers

• To verify the Einstein 
Relationship using 
quantum Mechanics, we 
must solve the Time 
dependent Schrödinger 
equation in the presence 
of a (perturbing) electric 
field (to represent the 
light).

• Wavefunction

• Fermi Golden Rule

http://ocw.mit.edu/NR/rdonlyres/Chemistry/5-74Spring-2005/C4763150-57C5-469C-A8A2-9183E8A5FCAC/0/lec_9_10_abs_se.pdf
Prof. Andrei Tokmakoff, MIT Department of Chemistry



Quantum Mechanics of Lasers

• Absorption Rate and Stimulated Emission Rate

• Spontaneous Emission Rate



http://ece-www.colorado.edu/~bart/book/movie/movie5.htm
Semiconductor Laser
Photo Diode
Optoelectronic Transmitter and Reciever
Silicon MOSFET
Digital Light Projector
Cell Phone



Solar Cell
A 1 cm2 silicon solar cell has a 
saturation current of 10-12 A and is 
illuminated with sunlight yielding a 
short-circuit photocurrent of 25 mA. 
Calculate the solar cell efficiency. 

The maximum power is generated for:

Using iteration Vm =  0.540 V
and the efficiency equals:



E-k diagram illustrating a) Photon absorption in a direct bandgap semiconductor b) 
Photon absorption in an indirect bandgap semiconductor assisted by phonon 
absorption and c) Photon absorption in an indirect bandgap semiconductor assisted by 
phonon emission. 



Asryan and Suris, Int. J. High 
Speed Elec. and Sys. 12, 111 
(2002)

Issues:

Size Uniformity (etc.)
Recombination
Dot Density



Defect Reduction:
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