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An atom interacting with light 
in free space. 



Dipole cross section (same result for a 
classical dipole or a two-level atom):

σ 0 =
3λ 20
2π

This is the "shadow" caused by a dipole in 
a beam of light. 



H =
!
d ⋅
!
E

Energy due to the 
interaction between a 
dipole and an electric field.

!
d = e 5S1/2

!r 5P3/2

d is of the order of a0 (Bohr radius) e (electron 
charge) between the ground state S and the first 
excited state P in alkaline atoms. (Line D2)



Decay rate
(Fermi's Golden Rule)

rad

Phase space density Interaction



Beer–Lambert law for intensity attenuation

dI
dz
= −αI ifα is resonant and independent

of I, α0 (does not saturate)
I = I0 exp(−α0l)
whereα0 =σ 0ρ

and ρ = N /V the density of absorbers in a length l

if a is resonant and independent of 
I, then a=a0 (not saturated)

the density of atoms (absorbers) at a length l



Cavity Quantum 
Electrodynamics (QED)



Optical cavity QED

Quantum electrodynamics for pedestrians. There is no 
need for renormalization. One or a finite number of cavity 

modes. 

ATOMS + CAVITY

Non-perturbative regime: coupling>>dissipation
Vacuum Rabi splitting. 



Dipole coupling between atom and cavity mode:

The electric field associated with a photon on 
average in the cavity with volume: Veff is:
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C1=
g2

κγ
C=C1N

g≈κ ≈γ

Coupling

Spontaneous emission

Cavity decay
Cooperativity for an 

atom: C1

Cooperativity for N 
atoms: C

𝐶! =
𝛾!"
𝛾

𝐶! =
𝜎0

𝐴#$%&
1
𝑇



2g Vacuum Rabi Splitting 

Two normal modes

Entangled 

Uncoupled 
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Quantum electrodynamics model of cavities
at low excitation with N atoms coupled g:
An electromagnetic field mode with amplitude x
atomic polarization P. Decays of cavity k and átomos g; 
Excitation field (forcing)  E(t)
Two coupled harmonic oscillators:

𝑑𝑥
𝑑𝑡 = −𝜅𝑥 + 𝑔 𝑁𝑝 + 𝐸 𝑡

!"
!#
= − $

%
𝑃 − 𝑔 𝑁𝑥

Field

Atomic Polarization



Study of the response of the system to a step 
excitation and de-excitation.



Decay of the empty cavity



Response to turning off the excitation



Response to turning on the excitation 



Pulse

Response

Two coupled 
H.O. model



Fast pulse on and of, t < k-1, g-1

Response of coupled oscillators

Finite time for atomic polarization to respond (emit out of 
phase and interfere with excitation pulse)

The atoms continue to emit (half-life) and send the light 
into the cavity, reabsorbing it. 

Only the light escapes from the cavity through the channel 
we are observing.  



From cavity quantum electrodynamics to waveguide QED



Jonathan Hood's doctoral thesis 



Trapping scheme



Probe light 
100ns detector

Atomic 
fluorescence

Atomic life in a transmitted direction

We trap the cesium atoms using almost magic wavelength lasers (~686 nm with 
power each beam 5 mW, 935 nm with power each beam of 0.35 mW*2).

The probe pulse of 100 to 300 ns is produced by one EOM and extinguished by 
another EOM at the output port. The power of the probe is about 1 pW.



Probe light 
100ns detector

Atomic
response
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Pulse

Response

Two coupled 
H.O. model



Very fast pulse on and off

Classical atomic polarization response

Finite time for atomic polarization to respond (emit out of 
phase and interfere with excitation pulse)

The atoms continue to emit after the light goes out.

The same thing we observe in cavity QED without oscillations
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Change in the decay time as the number of atoms 
changes.

Some beats visible, also in the FFT



Explore dynamic beats (Mossbauer).











Γ1D and Γ, are the decay rates into and out of the nanofiber, and ω0 is the
atomic resonance frequency. The optical density is OD = 2N Γ1D/Γ,.

Transmitted Pulse

Transmission Function 



For Gaussian pulse

Bessel generating function



For m > 0,

For m < 0,



Multi mode model for Gaussian Pulse input



Propagation of a short “Gausssian” pulse in the 
waveguide with atoms
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The pulse is less than the half-life of the excited state.
The pulse does not saturate the atoms
The pulse is not distorted by the nanofiber



Waveguide quantum electrodynamics model
at low excitation with N atoms coupled to the mode by 
g1D:

atomic polarization P atoms; pulse excitation field 
(forcing) E(t) :

𝑑 -𝑃
𝑑𝑡 +

Γ
2
-𝑃 = 𝜂1𝐸(𝑡)
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Single mode model green
~10 ns pulse



Single mode model green
~15 ns pulse



Dynamical beats
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Multi mode model blue
~15 ns pulse



Delay of the first zero in transmission as a function of optical 
density for different pulse width: blue red 10 ns, red 15 ns.



“Decay” second peak. Red data green multimode model



Simple model of pulse filed and atomic polarization. 
Explains precursors and first zero.

The interaction of atoms with the field of the waveguide 
completely modifies the dynamics (Dynamic beats).

This requires a multimode theory.

The change in lifetime due to the atoms, second peak, is 
agrees with multimode theory.



Thanks




