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1.1 ntroduction: importance of atom- photon
processes In physics and technology

Most information about world comes from light emitted and detected by matter

Questions about the nature of light and its interaction with matter have been at
the heart of all scientific revolutions (Newton, Huyghens, Planck, Einstein,

The interaction of light with charged particles is now well-understood in the
frame of quantum electrodynamics (QED), a theory in which the agreement
with experimental data reaches ten digit accuracy.

QED is the model of all field theories (Standard Model)

Understanding light-matter interactions processes at the atom-photon level has
led to numerous technological advances which have impacted on our daily
lives: the laser and all its applications, magnetic resonance imaging and
medical diagnosis, atomic clocks and the GPS system....

Atom-photon processes are exploited to manipulate quantum systems in
current fundamental research (Bose Einstein condensation, quantum
information science....) with many applications in perspective.



2. The classical picture: Thomson- Lorentz
model

Field radiated by a slab of atoms
interferes constructively in forward
direction and combines with incident field
to yield transmitted field

Atom, modeled as electron
bound by a spring, is set in
oscillation by oscillating electric
field of light wave. The
accelerated charge responds by
radiating at same frequency in all
directions.

Transmitted field amplitude
depends on relative phase
between incident and
radiated components, which
is determined by resonance
condition



Atom and field in a mode behave as coupled
oscillators

Atom as a mechanical Field mode as a radiation
oscillator oscillator

Model exact for light,
only an approximation

for atom
(real atomic levels are

not equidistant)

A negative electron Mode is occupied by photons

embedded in a positively having each an energy 71!
charged sphere is

attracted to center by an
elastic force (proportional
to distance to center)
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3. Quantum model: an atom and a photon In
a box and the Rabi oscillation

Atom resonantly coupled to mode of field quantized in box

2 coupled quantum oscillators
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Reversible exchange of excitation
9,1 «<—¢,0 between atom and field: Rabi oscillation
between states g and e



Rabi frequency In classical monochromatic
field (large n®)
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Rabi oscillation of atomic excitation
probability in monochromatic field
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To observe the regime of Rabi oscillation, the light bandwidth A must be smaller
than Q.. it requires intense monochromatic fields (lasers or microwave sources)



A simple model for a broadband field
(spectral width A)
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A superposition of waves distributed
over frequency bandwidth A appears
as a succession of wave packets of
length 2t/A, with randomly varying
amplitudes and phases. A good model
for a thermal light field

Two waves at ang.frequencies © How does the atomic
and w+A cancel each other after e XCI'TCIT/.0 N P ro bab ,'/,‘fy
time wt/A (beating) . .
evolves in such a field?



4. Absorption and stimulated emission In
broadband light field (A>>€,): Einstein
B, and B, rate coefficients

Pg_,e(rc =2x/A)= sinz(ngC /A) ~ nzgi /A2
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\_

B, sd?® )

3 3,
In thermal field, absorption and stimulated emission probabilities are equal
and proportional to time (Einstein rate coefficients)
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5. Spontaneous emission

Even with no impinging radiation, excited state e

is unstable: spontaneous emission rate equal to

Q O <> g, 1 the absorption rate of state g induced by a single
« broadband » photon. This process is often

described as « emission stimulated by vacuum

fluctuations »

Spectral density of one-photon field in box of size L:
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Induced transition rate:




Recovering Planck@®@ law
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Inversely , one can use Planck@® law to infer the relations betweenthe A and B
coefficients ( discovery by Einstein of stimulated emission , 1916)



Orders of magnitude (electric dipole transitions)

Spontaneous emission rate for electric-dipole optical transitions:
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Spontaneous emission rate for microwave transitions (Rydberg states with principal quantum number n~50): IaW
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Comparing spontaneous emission rate with absorption and stimulated emission
rates in thermal radiation at temperature T=300K
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(Thermal effects become negligible around T=1K for o= 3.10"" )
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For magnetic dipole transitions, d? is merely replaced by u? with u/d ~ 102 (relativistic
effect with v,,.,./c~107?). At a given frequency, rates are divided by ~104.




Spont aneous emission of a single atom: what
does the rate A mean?

A Photodetector current
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Exponential decay recovered as an average of individual step-like random quantum jumps.



Coherent Rabi oscillation or incoherent
transition rates?
Does the atom oscillate reversibly

- between g and e or evolve irreversibly
4’ [ [ [
o according to rate equations with

exponential solutions?

Monochromatic field with large intensity so that Q_ >> all damping
rates

—Rabi oscillation
Strong laser excitation, microwave experiments

Weak monochromatic field with Q. < atomic damping rates (such

as spontaneous emission rate A, collision rates etc) or broad band
field with intensity such that Q_ < A

—irreversible exponential behaviour

Spectral lamps, thermal fields, not too strong laser light...






