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Historical context

The invention of Laser

@ 1957: Gordon Gould coined the
acronym LASER and described
the essential elements for
constructing one.

@ 1960: Theodore H. Maiman
constructs the first laser using a
cylinder of synthetic ruby
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Historical context

1993 - Steven Chu, Claude Cohen-Tannoudji e William Phillips

Atomic cooling with light
Optical and magnetic trapping

Theoretical frameworks about light matter interaction

Evaporative cooling
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Optical forces

Assumptions for the semiclassical model

o A two-level atom

Interaction with a classical radiation field with frequency w

There is dissipation by spontaneous emission with rate I

Interest only in the internal timescale of the system
Dipole approximation (ag << \)
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Optical forces

The two-level atom under perturbation of a classical radiation field

b

Ly
(>
//(

E = % (Eoei(k.rfwt) + Eéke*i(k.r*wt)) r>/’—__|z>
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w

Non-perturbed Hamiltonian

Fo |1) = E1 |1) — wo = (38
Ao |2) = Ex |2)
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Optical forces

Under a perturbative treatment:

A=FHo+H(t), (1)
with A'(t) = —d.E.
In matrix notation
H = hwo |2) (2| + d.E|2) (1] + d*.E|1) (2| (2)
hQ*(r) —i(k.r—wt)
= | nap) ,%( oy ° (3)
2 e\ hw()

where Q(r) = (1]|efEpe|2) /h and we neglect terms rotating like (w + wp)
(RWA).
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Optical forces

In the interaction picture and applying an unitary transform to pass our
system to the rotating frame

0= (5 o ne) - @)

with A = w — wp. So, evaluating the Hamiltonian by
Hrr = UTHU 4 ihUT U and writing the Rabi frequency as Q = |Q|e'

o= (3 in) <5>
RF = | nQ .
B —hA
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IFSC Light matter interaction July 7, 2022



Optical forces

Introducing the spontaneous emission, we have to make use of the density
operator formalism p = [¢) (¢|. The time evolution is given by the

Liouville equation
dp(t) i\ A
—= = —[p(t), Hrr] . 6
= 1 10(0), Fer] (6)

Defining the Bloch vector as

P11
P22
P12
P21

A~
Il
—~
~
~—

the time evolution is usually rewrites in the form of so-called Bloch
equations

p=Mp, (8)

. .. . ‘\Mn:«zgz:' 405
where M is the transition matrix. Rl
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Optical forces

To introduce the dissipation by spontaneous emissiom, we replace

i%(inby) . 9)

Therefore, for a two-level system,

0 r 5 —iQ
0 —Ir —% iXe)
M == i i . 2 2 , 10
-5 3 0 iA—ry

being I the spontaneous emission rate and v = ['/2.

The dissipation, after a long time, exponentially brings the system to a

steady state.
/ o)
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Optical forces
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Optical forces

To find the steady state, we should to solve p(t — c0) = 0.
we obtain the population

_ 40P (11)
A2+ 1Q)2 + 112

P22

and the coherence

a do0-in)
A? +11Q2 4 112

P12 = ei (12)

Note the Lorentzian frequency dependence. It means that the system has
a signature of the saturation broadening effect.

210

Y

(13)
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Optical forces

Rewriting the excited state population and the coherence in terms of
saturation parameter

2 ALA_IT/2
p =32 | pp=eRtA IR s (14)
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Optical forces

To compute the optical forces, we make use of Ehrenfest theorem
F(r) = (F(r) = <2 (15)

By using the Heisenberg picture @ =3 <[H A]> and remembering that
[A,p] = ihVH
F(r) = (F(r)) = —Tr(3VH) . (16)

Evaluating at r = 0, for simplicity

6 1+s " 6 s+l

hA hkr s
=_—"=Vin[1 =
g VInll+sl+ -

WA 1 Bk s
(17)
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Optical forces

The light force comprises two contributions: the first one is the dipolar
force, in which is given by

hA
The second one is the radiation pressure given by
Rkl s
Fo= "6 s+1 (19)
) s
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Optical Forces

Characteristics of dipolar force

Fop = 22V In[l + 5]
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Optical Forces

Characteristics of dipolar force:

e Can be written as Fy, = —V Uqp, where Ugp = % In[l+s]

=— A conservative force!

Stimulated process without energy exchange
between the field and the atom.
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Optical Forces

@ Control the strength of the dipolar force by focusing the light

The force gradient increases with increasing
strength with no upper limit.

@ Control the signal of dipolar force by tuning the optical frequency

When A > 0 = dispersive force!

When A < 0 = attractive force!

‘\Mn:«zgz:' 405
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Optical Forces

Characteristics of radiation pressure

hkl s
FrP — 6 s+l
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Optical Forces

Characteristics of radiation pressure:

@ Dissipative force

Spontaneous force arises from the recoil
experienced by atom when it absorbs or
emits a quantum of light ik

M s
Fo= Ik 65+ 1
photon momentum N——

effective absorption rate

4\ \\ IESEE
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Optical Forces

@ The effective absorption rate define an upper limit to its magnitude
and therefore define a minimum temperature

@ Each absorbed photon transfers ik in the direction of propagation

nk;

RAVAV AV W

@ The spontaneous emission occurs in random directions (isotropic)
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Optical Forces

@ When averaged over many cycles, the atom undergoes a recoil.
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https://youtu.be/EgPyc4BYHG4

Applications

Main applications

@ Cooling atoms: The optical molasses technique

@ Trapping atoms: The dipolar trap

) TS
< LR

IFSC Light matter interaction July 7, 2022



Cooling atoms: The optical molasses technique

1D model:

@ An atom propagates in the z direction with velocity v,

@ 2 laser beams detuned by A propagating in +z

® <o, ®, vy ® <o,
— @ e
Atom :

i \:\ Jiescs
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Cooling atoms: The optical molasses technique

@ Due to the Doppler A — A + kv, where kv, is the Doppler shift

|b2)
N
w, | TTTATTT
w—kv w w+ kv
[f1)
— ) a—
w — kv w+ kv
Z ~—
Faolasses
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Cooling atoms: The optical molasses technique

Now, it's convenient rewrites the saturation parameter as s = r%/z

hkI s
T2 2A/N)2 41+ (20)
The total force acting on atom is F = F + F_, where
hkl s
Fio=4+— 21
* 2 2(AFkv,)/T)2+1+s (21)
) s
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Cooling atoms: The optical molasses technique

Fo= 40k

(2(A:Fkv2)/r)2+1+s

04 15 -io -5 0 5 10 15 20 &) oz

vz (m/s) R
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Cooling atoms: The optical molasses technique

For kv, << Q and I, expanding in Taylor series

kv, (2A/T)
F, ~ 4hk . 22
“[L+s+ A/ (22)
Note that, for A < 0 (red side of resonance)
. hk?(2A/T
F.~ —av, with a= s% (23)
e — Dissipative/viscous force
N e
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Cooling atoms: The optical molasses technique

The momentum fluctuations in the absorption-emission process will

generate a heating rate that, at some point, will be balanced with the
cooling rate

dE dE
= 24
< dt > heat ( dt )cool 7 ( )

However,

(%)cool = Fv=—av

dE _d () _ e
(I)heat — dt 2m T 2m 2R

being R = F++F‘ the scattering rate. ——
R
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Cooling atoms: The optical molasses technique

Thus, the balance equation become

ke T = mv

0 “a\T T (25)

2 m(%) hr<2A r) ‘

Minimum when A =T/2

T min &~ 52T (26)

For Alkaline atoms T, ~ 10! uK. Others cooling techniques is required
to achieve the Bose-Einstein condensation (=~ 10? nK).
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https://youtu.be/dnZ57L-sSD8

Cooling atoms: The optical molasses technique

To optimize the optical cooling in 3D case

L= gisety
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Trapping atoms: The dipole trap

Using the dipolar force, we can trap the atoms by setting up our laser
beam

@ Tuning optical frequency far
from resonance

e A<O
@ Strong field gradient

(27)

sssssssssss
nnnnn
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Trapping atoms: The dipole trap

Rewriting the forces in terms of the intensity

2
Ugo(F) %I(r) and Fp o <£> I(r) (28)

For very high intensity and large detuning:

@ trapping is maintained

@ atoms do not absorbs photon
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Trapping atoms: The dipole trap

Considering an usual Gaussian beam

I(r) = 27P2€(—2X2—2y2)/W§e—22/2§ : (29)

W,

P is the total power of the beam and Zg = Tng/)\ the Rayleigh length.

o red-detuned light (A < 0)
@ near the center (r << wy/2)
@ Rayleigh length (z << 7w2/\)

r2 22
= U(r) xa (cz + + ) (30)
w5(2c2) ! zg(2c) 7t ) s
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Trapping atoms: The dipole trap

) s
—

instuto da Fisca de S0 Cartos
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Trapping atoms: The dipole trap

I -+ e

Trapping : dipole force Confinement : standing wave
(intense laser)

ccccc
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Conclusion

Dipolar Force has a conservative character

@ Radiation pressure is a dissipative force based on momentum transfer

Allowed revolucionary applications such as optical cooling, dipolar
traps, MOT...

The experimentals techniques allowed the realization of many other
experiments (BEC, Optical tweezers...)

@ 2.0 quantum revolution = quantum computation

(N UNIVERSIDADE
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