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Goal of this lecture:

understand how to use light to manipulate the external degrees of freedom
of atoms, with an application to laser cooling

Outline

. “Classical” picture

Elementary processes: Spontaneous and stimulated emissions
Forces on an atom at rest

. The radiation pressure force and the dipole force

. Doppler cooling

. The magneto-optical trap
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. Sisyphus cooling



Simple Classical Picture (1)

atom

polarizable
Wy

laser beam o

Atom =nucleus + electron
The electron is harmonically bounded to the nucleus

and subjected to the classical radiation field of the laser



Simple Classical Picture (2)

Driven oscillations of the electron obey the Newton equation:
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Dissipative term according to Larmor well known formula for the
power radiated by an accelerated charge:
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Simple Classical Picture (3)

Physical interpretation = interaction between the laser field and the
the atomic dipole that it induces

p=(—e)X=aE
we deduce the atomic polarizability
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Simple Classical Picture (4)

Conservative component (Dispersive shape)
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Semiclassical approach in quantum mechanics

In a semiclassical approach, the atomic polarizability can be
calculated by considering a two-level atom as a two level
guantum system interacting with a classical radiation field.

One finds that, when saturation effects can be neglected, the
semiclassical calculation yields exactly the same result as the
classical calculation with only one modification:

The damping rate can no longer be calculated from Larmor’s
Formula, but it is determined by the dipole matrix element:
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Two-level atom and elementary processes

e ® % e
hv hv
g ~ o g
Emission

The atom goes from a state e to a lower state g
by emitting a photon h v
Absorption
The atom goes from g to e by absorbing a photon h v

In his attempts to derive Planck’s law for blackbody radiation from
an analysis of the energy exchanges between a 2-level atom and a
radiation in thermal equilibrium, Einstein was

led in 1917 to introduce 2 types of emission

1-9



Spontaneous emission of a photon (dissipative)

An atom does not remain indefinitely in the excited state e.
After a finite time 1y, it falls down to the ground state g by
spontaneously emitting a photon in all possible directions.

T . Radiative lifetime of e, on the order of 108 s

\/
: AN

Stimulated emission of a photon (conservative)

A °

€ g
A photon with energy h v = E.-E , impinging on an atom in
the excited state e stimulates (or induces) this atom to emit a
photon exactly identical to the impinging photon (same energy,
same direction of propagation, same polarization)



Light forces: momentum exchange

The absorption and emission are accompanied S
with a momentum exchange.

Example with emission n=2

-
—@ o hk

The recoll velocity of the atom, assumed initially at rest, Is V, = —
m

Example: v, =6 mm.s™ for rubidium atoms



How should we proceed to describe guantum
mechanically the force exerted by quasi-resonnant light on atoms

without any restriction on saturation ?

1 — internal degrees of freedom (g and e)

2 — external degrees of freedom (R and P )



monochromatic

laser field

The systems in interaction

<
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atom

e
d = (¢|D|g)
r quantized
<> electromagnetic
field

Laser field: E;(r,t) = %EL(T) (EL(T) e ~iwrt—io(r) 4 c.c.)

Electric dipole coupling between the atom and the laser field

Rabi frequency: hS21(r) = —(d-er(r)) E(r)

One often measures the laser intensity / in term of the saturation

intensity 7, :

I 207

Is

typical I.: a few mW/cm?




The hamiltonian of the problem

Total hamiltonian: H=H s+ V), + Hr+ Vyp
P2
== Hjy=_—+ Tuwgyle) (e
2m

atomic center-of-mass kinetic energy + internal energy

3912(1%) (Ie) gl et 4 p.c.)

rotating wave approximation

—= Vyr(t) = —.ﬁ-EL(R, t) ~

Hp - collection of harmonic oscillators

L

Vap - responsible for spontaneous emission and Lamb shift,
no need to write it explicitly.



The timescales of the problem

mm) Internal atomic variables:
for a two-level atom, the steady state 1s reached in a time Tjn¢ ~ r—1
irrespective of the intensity and detuning of the laser.

_e

This would not be true for a more complex atomic Lase’

transition where long optical pumping times may appear :

£ £

mm) External atomic variables: how long does it take to get the atom
out of resonance with the laser beam?

k Av~T —> ml photons needed
0V|per photon = hk/m hk?

time 1 per photon =—=>  Tgut ~ %



The broadline condition

- ml . »
For most atomic lines: 13 > 1 (broad line condition)

ml / (hkg) ~ 800 for the resonance line of rubidium atoms

This means that one needs the absorption and the emission of several
photons to get the atom out of resonance because of Doppler effect

> Tt < Text



Concept of mean force and Heisenberg inequalities

To define the concept of mean force F(X) in a given point X,

we need to atomic wave packets sufficiently well localized
In position and velocity:

AxDO 1/k, k Av O T =  AX.AvD T'/k

This localization condition is compatible with Heisenberg

relation
AX.AV > hlM

onlyif:  T'/k; [ Al/M
One recovers the condition : 2AT'0 E_,

or in other terms Tint < Text



The force acting on an atom

Equations of motion in Heisenberg point of view:

dR 1 . P

— = —[R,H]=—

dt zﬁ[ ] m

dP 1

— = —[P,H] = -VVy(t) = VVyp=F
dt th

We now take the average over the atomic internal state



The average force

— The coupling with the vacuum field does not contribute.

= Contribution of the coupling with the laser field:

F=_<Vf/AL(t)> = < Z Dt VELi(ﬁ,t)>

1T=x,1,Z

Y (Di)(t) VEL(R(t),t)

2L'=:“Jﬂ1:‘9r:*z

2

The evolution of the atomic dipole 1s obtained using the optical
Bloch equations (OBEs): evolution of the 2x2 atomic density matrix

The OBEs are solved (analytically or numerically) for
a given position and a given velocity of the atom



The forces on an atom at rest

The laser field can have an intensity gradient and/or a phase gradient.

Within the framework of the two-level atom model, polarization gradients are
meaningless, but may appear for more realistic atomic structures (Sisyphus cooling)

» The radiation pressure force originates from the phase gradient.

Consider for simplicity a plane running wave ¢(R) = —k, - r
hk T 2
Frp= A _° s= _ Sh/2
2 1+s 62 + r2/4

* The dipole force originate from the intensity gradient

T Vs(R)

Fdip(R)=_ 2 1+ s(R)

ﬁ ho
Potential related to this force: Ugip(R) = 2y In(1 4 s(R))



The radiation pressure force

(O Falo
S \OR%a O Frp = hkrlT s
resonant photons

atom
* The atom undergoes a succession of absorption — spontaneous emission

cycles. Each cycle changes the atom momentum by hk = murec

S

2145

 Fluorescence rate (obtained from EBOs): Yfluo =

. [
Force: Frp = Rk Y40 maximal value: Frp,max = Pk >

For sodium atoms, a_.. 1s 100 000 times larger than gravity

max.

mm)p Atoms moving at 100 m/s can be stopped over lem!



Slowing down an atomic beam ==t

0
o 0

OVEN

300 m/s

Solenoid

The atom is progressively out of resonance because of Doppler effect

300 m/s = 50000 x 6 mm/s
The atoms are stopped

o, +kv —nB(2) Zeeman slower | After a one meter interaction
With the laser

A stopped sodium beam W. Phillips, 1985



The dipole force at low intensity

The expression for the dipole potential can be simplified when s <<1:

02
Ugip(R) = % (14 s(R)) ~ %S(R) T2 +1/r22/4

Consider 1n addition a detuning o much larger than the natural linewidth '

Q%2 (R)
48

Q3(R)
252

s(R) = ) Ugp(R) ~

* Depending on the sign of o, the potential can be attractive or repulsive

» The scattering rate of photons y4,, varies as €7%/62

By going to large intensities and large detunings, one can keep Uy,
constant and decrease j4,, to an arbitrary small value: conservative force



Physical interpretation #1 of the dipole force

(((( ®

Plane wave, no dipole force

absorption - stimulated emission occurs
but with no consequence on the atom motion

VI =0
Dipole force is exerted on the atom

Many wave vectors are involved



Physical interpretation #1 of the dipole force

If the laser wave Is a superposition of several plane waves
K,o =0 (i =123...)

the atom can absorb one photon in the wave | and emit, in a
stimulated way, one photon in another wave 1 #|

No energy is absorbed from the laser wave in such a cycle since

ho. = ha)j = ho,
But since 7k, # 7k, , the atomic momentum changes by an amount

f (EI - Ej)

The reactive force is thus a force due to a « redistribution » of photons
between the various plane waves forming the laser wave. This is why it
IS called also « redistribution force »
The sense of the redistribution (i — j or j — i) depends of the
relative phase between the 2 waves i and | at the atom position.

Redistribution is a coherent process



Physical interpretation #2 of the dipole force

Induced dipole D = a(w) E

mmp [nteraction energy: V (7) = —%a(u}) E2(7)
a >0 a <0

n> 1 n <1 Force
Wy, < wy L= @A /

- S - O

Force,
optical tweezers



Transport of a packet of cold atoms

]

Yb-fiber laser: 100 W 4 Rubidium atoms
A, =1070 nm Wy Wy A, =780 nm




Transport of a packet of cold atoms




Transport of a packet of cold atoms

Non adiabatic transport:
A. Couvert, T. Kawalec, G. Reinaudi and D. Guéry-Odelin, Europhys. Lett. 83, 13001 (2008).



Physical interpretation #3 of the dipole force:
dressed atom approach
Consider the combined system formed by the atom+the laser mode

O<d=w—-—wy <K w
2 = d&/h : Rabi1 frequency

11(n))
‘gjn -+ 1> / 7y
T fiy/82 4+ Q2
‘BJH) \ i
12(n)) For Q < §
T [1(n)) ~ |g,n + 1)
and the shift 1s:
|1(ﬂ, _ 1)> 1
M — 2 2 _
| g9n) AE; = (Vo2 +92-4)
le,n— 1) N _RQ?  intensity

2(n — 1)) ~ 45  detuning



Dipole trap gallery

focused beam trap bottle-beam trap

gravito-optical

trap

Hiu
crossed-beam =:ﬁ:= IthtiE:; _.!!!!!!_
ap i 2p, 3D =H._
1L

: | /’ \ surface
standing-wave . traps ’ \
trap (1D lattice) , \

extremely versatile tools —» many interesting applications !!!



Atomic mirror with blue detuned evanescent light

WA
g —

orobe Photo-detector

— % b

Blue evanescent wave
at the surface of the prism

number of atoms

W > wA

Q% (R)
46

Udip(R) =

ENS trampoline

104

200 400
time in ms

C. G. Aminoff, A. M. Steane, P. Bouyer, P. Desbiolles, J. Dalibard, and C. Cohen-Tannoudji,

Phys. Rev. Lett. 71. 3083 (1993)



Radiation pressure force

Plane wave ® 6~:WW‘ %
K, @
F=(F)= T s(6) "
5= Wy — W
=% 25;22/4

33



Atom moving in a plane wave. Doppler effect

The atomic center of mass moves in a plane wave.

R="F+Vt="Vt (we take T, = 0)
The velocity v is considered as fixed.
Laser wave  , , , Kk v Doppler effect

—_

EL(ﬁ,t) =8 & cos[a)Lt—kL.R]zéL g cos(a)L —IZL.V)t

Optical Bloch equations keep the same form as for an atom at rest
with: — e

fx(V) 1 v EL, o, €,
Couterpropagating atom and laser
w, — O, EL = —k_€
— ;kLv k.v = -k Vv

Resonant excitation when:
o, —k V=am +k V=0,
We suppose here : o, < o,
(red detuning) 34




Hinsch-Schawlow

Wineland-Dehmelt Principle of Doppler cooling
1975

(forareddetuning: o6 = o, — w, < 0)

One supposes that one can add independently the radiation pressure
forces of the 2 waves.

A,7—")((V) AN PV VIV —é»

Force exerted by
the +k, wave

Force exerted by
the -k, wave 35



—

Principle of Doppler cooling

—

- K T = = - S /2
F=(F)=——(s.(V)—s (V)] ~—aV ' s (V)= 1
(F) 2 (5. 0)=s ())=-aV  with s.(V) (Fk V) +T7%/4
Eriction coefficient ST
sl 1 — «a=2nks
S5° + (Fz / 4)

a = 2hk’s whens = -T'/ 2

Order of magnitude of the velocity damping time
Tous = M/ a = M/ 20K's 7o, = 10M /7k? if s = 0.1

Damp Damp

For Rb atoms and s=0.1, one finds tp,,, ~ 100 ps
Very short damping time

Velocity capture range

For 6=-1'/2, the variation with k, v of the total force shows that the
velocity interval v, over which the force Is appreciable is given by:



Physical interpretation

Quasi-resonant, red-detuned counter propagating beams L Wy
wL V wL A 4
Lab frame (LF) A\N\N\/> VAV A VAN
w, —kV w, +kV =w,
«V » frame (VF) A/ /NS> e VaVaVa\
VF S
W
W
VE  “\AAN @ AN~
W V wA+kLV :wL—I—ZkLV
LF «W\/\ — @_. N\/\N\>
V —v,



Energy balance and entropy considerations

Enerqgy balance

The energy of the reemitted photon is on average larger than the
energy of the absorbed one.

The energy of the radiation field increases while the energy of the
atoms decreases.

Qualitative considerations about the entropy
Cooling of atoms results in a decrease of the entropy of the atoms.
But photons are absorbed from the laser beam, which is a low entropy
system and transformed into fluorescence photons emitted in all
possible directions. The fluorescence field is a disordered system with

a high entropy. - _ _
The entropy of the radiation field thus increases while the entropy of

the atoms decreases.

38



3D version

10° cold sodium atoms

15t optical molasses: Bell Labs (S. Chu et al), 1985
S. Chu et al. PRL 55, 48 (1985).



Does an optical molasses deserve its name?

Consider an atom embedded in a 3D optical molasses. How this point
distribution expand?

According to the equation of motion, the atom "loose" the memory of its initial
velocity after the damping time r =M/«

The spatial diffusion can be described by a random walk with a step size
¢ ~v_ 7 given by the product of the rms velocity by the damping time

The randow walk model gives < > 20° N where N is the number of steps,
afteratime T, N=T /1
Mk,T D

2
T 84

< > 2D, T withD, =v? 7=

Numerical application: ,/<r2> ~ 0.5 cm, requires, for Cs atoms,
a time diffusion T =1 second !



The Doppler temperature

d{P?
) = —(myV.P) + 2Rh* k7
dt g
radiation pressure Each scattering event represent
cooling force two random walk steps

2R AT /25| T
mV=) = 3k mf‘yh L 4 ( I 2|5|)

Al ‘ .
kT i = - for 0 =—I"/2 ex.Rubidium T,;, =140 uK




The Doppler temperature

k.T = hal'/ 2

B min

The corresponding value of the velocity dispersion is given by:

2

M (Av) O A0 —  (Av) 0 JiT / M

min

The first estimations of T, were mixing up (Av) and (Av)capt 1T /k

/(av),, O (Var /M) /(0 /) 0 Jar /B, 01

First correct calculation of the limits of Doppler cooling:
Moscow group :

In fact, (Av)

min capt

V. S. Letokhov, V. G. Minogin and B. D. Pavlik, Cooling and trapping of atoms and
molecules by a resonant laser field, Opt. Commun. 19, 72 (1976).



Doppler theory versus experiment ...
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Temperatures much lower than T, have been reported,
explanation relies on the sublevel structure of the ground state



Light shifts and polarization

€_1/2 E41/2 €13/2 €_3/2 €_1/2 E41/2 €13/2

7.y Ty
(b)
1/3 1
G172 G+41/2"—@—
€_3/2 €_1/2 €41/2 €+3/2

(c)




Sisyphus cooling

(a) ot o~ g polarizat
] olarization
D Q Gradient

(b)

Degenerate
Ground State

Interplay between dispersive and dissipative effect

Claude Cohen-Tannoudji, Review of Modern Physics 70, 707 (1998)



Confrontation with experiment

T x Uy = Light Shift o

5

181/ 21

10 MHz
20

30

40

34

95

140

O*C x<¢ e N

Europhys. Lett 12, 683 (1990) Q%8ir



Use of optical molasses to load a dipole trap

Superimpose the dipole beam on the optical molasses

First experiment:

S. Chu, J. E. Bjorkholm, A. Ashkin, and A. Cable, Experimental
Observation of Optically Trapped Atoms, Phys. Rev. Lett. 57, 314

(1986).

500 sodium atoms were trapped in the laser beam



Cooling and trapping of atoms

1997 Physics Nobel prize
W. Phillips, S.Chu and C. Cohen-Tannoudji

Zeeman Slower First realization of Sub-Doppler
Molasses the magneto-optical cooling mechanism
trap

"for development of methods to cool and trap atoms with
laser light"



Radiation pressure trap: magneto-optical trap (MOT)

Idea proposed by Jean Dalibard 1987

, £ (=0)
[:'1 position

b'=10 Gauss/cm

Coils In AntiHelmholtz

| = a few mW per arm configuration




Force exerted on an atom in a MOT

/

Damping
Doppler effect

hk 0?2
Z: | 2 L B dB 2 ) )
A—kv,.— e 2| H(I'/2)"+Q7/2
FMOT:F+Z+F_Z:_CEZ_KZ

N\

Trapping
Zeeman effect




The limit of small number of atoms

Spring constant of the trap?

= detuning including Doppler and Zeeman effects: § + pub'x + kv

_or
—> k= kub sg 0
52+4+1T12/4

Expected size for the atomic cloud at equilibrium:

_ kgT Rl
kK kb

()

For 5’=10 G/em, s,=1/4, one get for rubidium atoms
a few tens of micrometers.

Usual MOTs are much larger, why?



The MOT In the limit of large atom numbers (1)

Atom-atom repulsion due to photon scattering

Atom 1 scatters 6 x (Isg/2)
\ photons/second

Atom 2 intercepts a fraction
9 _ of these photons

4r

/ \ 332 2 3a°r?
T =

or T2+462  8r &2

Radiation pressure force formally 1dentical to a Coulomb force with

q2

dmeqr

= 3 sohik

2 2

Qr



The MOT In the limit of large atom numbers (2)

In the limit of zero temperature, uniform density

167 pb |4
3 RA2T12
4

up to a radius such that: N, = gwRQ’ng

For typical parameters: 7, =a few 10!° atoms/cm?

radius of 2 mm for 10° atoms

very rich non linear dynamics...



Use of a MOT to load a dipole trap

5 107 rubidium atoms are trapped in the laser beam



Can one cool without a dissipative force ? (1)

No, because of Liouville theorem, but...

A simple filtering: D ‘ﬁ_‘ﬁ

Conversion of kinetic into potential energy:

t=n/ 20

0}
12

w
ﬁw% = .&:1:12 WP = Afv,iz "l < f_\.vf



Can one cool without a dissipative force ? (2)

It the N particles are independent, one cannot increase phase space density
* single particle density operator p
e this operator 1s hermitian and 1t can be diagonalized

e the largest eigenvalue 4 ., gives the maximal phase space

111
density N 4.

* the eigenvalues of p are unchanged in during the time evolution,
even 1f the hamiltonian depends explicitly on time

ihp = [H(t), p(t)] unitary evolution
Ketterle-Pritchard

Not true for evaporative cooling, nor for stochastic cooling
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