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1. Doppler and recoil effects
Energy and momentum conservation in photon absorption
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Doppler effect (v,: projection of atom® velocity Recoil effect (ha/Mc*~1071%) much
along light beam). smaller than Doppler effect, except at

v,/c ~10% at room temperature. very low T.



The Doppler effect: wave interpretation
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Light electric field in laboratory frame:
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E versus z at fixed time E versus 7 at fixed position

Light in atom's rest frame (atom's position: Z=7 +Vt ).
E = E, cos(wt - kz, — kvt) = E, cos|(w - kv)t - kz, |
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The recoil effect (a quantum effect)

If atom initially motionless: no Doppler effect

Absorption condition w=w, +

To be absorbed, photon must have an energy slightly larger than internal atomic
energy: the excess photon energy goes into the recoil kinetic energy of the atom. )
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Emission condition w=w, - ‘ — > <O

To be emitted, photon must have an energy slightly smaller than internal atomic
energy: the excess internal energy goes into the recoil kinetic energy of the atom.
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2. Natural and Doppler widths

e Excited state decays with rate A (spontaneous emission).
This means that its energy has an uncertainty ;A
The photon energy absorbed to excite the atom or emitted to
9 deexcite it has same uncertainty. This means that atom

absorbs or emits in a frequency bandwidth A

/\ Natural absorption and emission line

\\ R for an usual optical transition

ar10st s> # °  (motionless atom): recoil doublet is
not resolved

Doppler broadening for an ensemble of thermal atoms in a gas

Atoms at different velocities absorb and emit at
different frequencies due to Doppler effect: the
spectral line has a Doppler broadened linewidth

" 4 <V> For usual gases
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Doppler width is much larger than natural width and recoil is negligible



3.Radiation pressure force

Balance of momentum exchange between laser beam and two level atom:

—> —> —>
— & O S B
—> —>

An absorption- stimulated emission cycle has no net effect on atom® momentum
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An absorption-spontaneous emission cycle changes the atom @ momentum:

The direction of the spontaneous photon ( scattered light) is random : on
average, the momentum transfer per  cycle is:

(AP) = hi



Radiation pressure force (continued)

How many cycles per second? A1 (1) saturation parameter
A monochromatic laser beam drives the atom into a Rabi oscillation 1
(coherent succession of absorption-stimulated emission cycles) o
interrupted randomly by spontaneous jumps. The probability II of jump
per unit time is at most equal fo A/2. It can be expressed as: >
I |

=n()
Radiative force on atom
The average momentum fransfer to the atom per second is a force acting on atom:
<15> =1 (1)é<" 15> _ 1 (r)Ak
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Radiation pressure force for sodium (Na) atom at saturation:
A=6.10's", k=2"/#=2"/(05910°)$10'm" % (F)=310"N

L F
| atom'saccelerationin lightbeam: (a) :< ). 10°ms
How long to stop a v,= 1000 m/s atom?
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Atom stopped after a distance 1| - l(a)tz Yo _0.5m
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4 Doppler cooling: the Optical Molasse

Combining radiation pressure force with Doppler detuning
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beams slightly
detuned below
resonance

forA=A/2 — F(v)=-nhk’v
\_ (n < 1depends upon lasers intensity) )
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Cooling rate of optical molasses (dissipation)

A force opposed to velocity and proportional to its magnitude
is a friction force (similar to the force acting on a particle in a
viscous liquid) which damps the motion and tends to bring the
atom to rest:
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If this damping force were acting alone, motion would be
exponentially damped and atom brought to rest (T=0K)

Eineic In fact, in a viscous liquid a particle does not
go to rest, it thermalizes in a state of
Brownian motion with a finite kinetic energy.
The damping is counteracted by a heating

t process due to the fluctuations of the

» damping force (this effect was described by
Einstein in one of his famous 1905 papers)




Heating due to spontaneous emission randomness
(fluctuation):

The random spontaneous emission « kicks » imparts to the atom a momentum with
zero average, but the square of the imparted momentum departs from zero
proportionally to time (random walk problem).
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Add N steps of same length, but random directions:
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Square of travelled distance increases as N and not as N?

A random walk in momentum space:
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a morerigorousargunent yields:
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If the fluctuation was acting alone, kinetic energy would
increase linearly with time




Competition between fluctuation and
dissipation: Equilibrium Temperature
(«Doppler limit»):
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for Na Ty, = 240uK and(v)=0.3m/s

Resonant Light cools very efficiently!

In fact, other more subtle processes allow us to cool even more, below the
Doppler limit. The recoil limit:

h! ?
kBTrecoiI = M_C2
can be reached, corresponding to temperatures of ~ 1uK (<v>~3cm/s)!

Non radiative processes (evaporative cooling) lead to even lower temperatures in
the nanokelvin range (<v>~1 mm/s)..and to Bose-Einstein condensation



5. Trapping with light

Non-resonant light forces

Light is deflected by transparent
media (prism and lens effects). The
deflected photons impart momentum to
medium.

When field intensity vary with position,
the momentum balance pushes the
transparent particle towards high light
intensity (for normal medium with
positive refractive index).

Particles are attracted towards focal point
of a laser beam and ftrapped there: opfical

-~ tweezers. Works for atoms too. Depending
— upon sign of atom-laser detuning, atoms
o are pushed either towards high intensities

(laser frequency smaller than atomic
transition frequency), or towards low
intensities (laser frequency larger than
atomic transition frequency)



