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Storage of Light in Atomic samples :
Disorder vs cooperative effects

Anderson

Localization Mu]tip]e\
. >
- < Scattering
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Wave propagation in disordered media :

1958 : on average : interferences washed out : random walk / diffusion
Light : radiation trapping in stars
Electrons : metal (Drude model)

1958 : P.W. Anderson : vanishing diffusion for strong disorder !

4 N

Q Solid State Physics :
L Metal-Insulator Transitions for electrons )
/. Light Scattering : )
Photonic Crystals, Colloidal Systems, White Paint, Atoms
g /
/- Matter Waves : )
§ BEC in Disordered Potential, Kicked Rotator )
/- Accoustics : )
. Metal Rods, Aluminium Beads o
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Anderson LLocalization 1n 3D :

phase transition strong scattering required

Semi-conductor powder White Paint
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lersma et al., Nature 1997 C.Aegerter et al., EPL 2006
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Why light localization with atoms ?

/ R
_ role of quantum fluctuations (quantum optics)

" role of entanglement of scatterers (non local potential?)
ab initio calculations

 Open system: resomant sentering

/

~

_ quality factor ~ 108
‘monodisperse’ sample : cold atoms
" O“delay time’ at resonance : td ~ 50ns
[l on resonance nat §1014 at/cm3 (Ioffe-Regel)

o .
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° MOT parameters :

number of atoms : N = few 10
MOT diameter : U =1 cm

FWHM

optical thickness : b= 300

velocity distribution : v = 10 cm/s
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Time Resolved Experiments :
Radiation Trapping

diffusion theory
transport mean-free

° l" 2~
o % 4[\\ D Lzr path
Tle%e® | T,
° o5, \ \ \transport time
® e

< S fundamental (Holstein) mode

W =

1
= ltthr
L /1 3
&le-l/1 transport velocity
L2 3 _
V5% m ~
ﬁ 1P

b= TL optical thickness
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Time Resolved Experiments

cO

e Phase VGIOCity - o= —— Dpropagation of phase for a monochromatic wave
n

cSc

° Group VG]OCity . Vg= Aci propagation of transmitted gaussian pulse
™ with slowly varying envelope

cold atoms on resonance : vg <0 lvg| << 0

oTranspOrt Ve]ocity . propagation of scattered wave energy 0O<vitr<cO
[
TQiyvep

<D< £ >

Phys. Rep. 270, 143 (1996).
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Photons ...

o
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Random walk :
Diffusion coefficient

Dol 2/T

|=1/no

... dllé wWaves

Interference correction to
Diffusion coefficient

D D0 [1- 1/(k )2]
Strong Localization (D=0) :
loffe-Regel criterium : k | 31

(near field scattering | 1)
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- uncorrelated paths add incoherently  _..< .

- correlated (i.e. reciprocal) paths
add coherently 0\\

.
.
.
.
.
e®
.

Coherent <I(0)>
Backscattering <|(0)>

S~ -
multiple self-aligned Sagnac interferometer
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Configuration Average

Single N x // Configuration

realization average
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Phys. Rev. Lett., 83, 5266 (1999)

NE1010
TS100pK
kI 1000

Coherence after
resonant scattering
with atoms !

also : M. Havey et al. @

Vo,
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Snp\ ia Antipolis

.
m]stitut non linéaire de Nice
SOPHIA ARTIPGLIS



Université de Nice Sophia Antipolis - CNRS

[COHERENT BACKSCATTERING = coherent probe}

Internal structure : Quantum fluctuations : Restoring two level atoms:
Rb = quantum magnets inelastic scattering
St = classical dipole non linear response

~ oo | I

251 Rb® : F=3 -
1,9
1,8] /\
= L]
S 1,7] 1l
946 ]
< 9
= 18]

= N y
B * ) angle (()mrad) 1 ? ’
- / PRE, 70, 036602 (2004)
PRL, 85, 4269 (2000)
PRL, 88, 203902 (2002)
PRL, 89, 163901 (2002) Temperature : a ~ogs )
PRL, 93, 143906 (2004) ‘fast” atomic dynamics I
‘slow’ transport of light T = 80uK T = 50mK
\ /’Uni\-crwilé
PRL, 97, 013004 (2006)
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@oherent Backscattering }

Light waves : white paint (T102)
teflon, milk, paper

tissue L
rings of Saturn N
> 4
Acoustic waves : metal rods )
fish (2) (e
2

Matter waves : electrons : negative magneto-resistance
not (yet) with ultra-cold atoms

.
Seismic waves : %

VA
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F{erspectives :Towards strong localization of light }

loffe-Regel :

L

Dyne;mical Bregkdov&rn
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@ How to trap a ‘photon’ with N atoms?

disorder

order

A

TiO2
6 Anderson
Localization

Multiple
Scattering

Photonic
Crystal

Dicke
Subradiance

decoherence / classical world

quantum coherence / entanglement -~
Nice

@
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1954 : Dicke super- and subradiant states

Superradiance = symetric state (easy to observe) ll = l Correlated
Subradiance = antisymetric states (‘fragile’ : difficult to observed) 1 dipoles
rs 'E' !ﬂ%-f f“%-ﬂ ! T N
m e 'E P n-i mti.wrﬁl - M \ gl l IT(N-1)=2TN
R e te R e e
sy posty gty lpaty : R. Dicke 1954
- H i A 1
' - : l IN?/4
m-g — e
T, 1, Enerpy level dingram of an s-molecule gas, molecule ] — -
R e e e, e gy &
/f\\ First experimental observation
Mangann’ | N Feld et al. 1973
— le— 200 nsec
Eg T;= 330 nsec
;;’I /\/\11-6.1 nsec @
Hs(i) o.sﬂpsec) 1.0 5 @cmé




Université de Nice Sophia Antipolis - CNRS

Small volume limit

Superradiant pair —— " Eei
\'4 2
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1) Effective Hamiltonian
°*Open System
° Properties and eigenvalues of
Heftt

2) Driven System
* Initial State preparation
*Scattering
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1) Eftective Hamiltonian

P, q : angle and polarisation dependant
* Open System
*  Quantum Extension of Anderson Hamiltonian
* Heisenberg model with global coupling o
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P{T)

P

Photon Escape Rate

= Spectrum {Im (Heff) }
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See also F. Pinheiro et al. 2004
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size : a= L/l
disorder parameter W=1/kl
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Photon Escape Rates

Measure of long lived photons

o W =00

nl 4 27| Single parameter scaling

. T
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o O Zmii=%
[5) ¥n O O ZmA=23
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cooperative effects dominate over disorder !

no phase transition observed with P(I") Dicke > Anderson

E. Akkermans, A. Gero, RK, PRL, 101, 103602 (2008) A®
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Eigenvalues

Beyond Photon escape times
Cloud of Atoms = Large Molecule (with 1010 atoms)

‘dilute’ molecule  ‘dense’ molecule
::’.go: o::::: E:}E
RAIEE FL ool
0 0oy
molecular spectrum ? ——— —— _ LLL

FIG. 4. (a) Tot: t10:
as funct on f cryf y

BT prOX|m|ty resonances

F ]Tl
erers are shcwn m (b].
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Eigenvalues of Hett

KI=0.1

l l.-.
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Eigenvalues

kl=0.1

cooperative superradiance : T ~b I,

i SRS

10 '
_superradiant pairs : T'_=2T"
] o]
0,1
0,01
1E-3 I 273
subradiantpairs : 1", ~ E
— at
1E-4
1E-5 - vectorial model
e scalar model
1E-7
1E-8
AL B LR ELE ! """'I' LA e LR R sk E AR L vt
0,01 0,1 1 10 100 1000 10000
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Eigenvalues

—kl=10
kl=0.1

| il | f il \ n \ MM 3

E/rD

P(E)

Width distribtution # Escape Rates Density of States
(Lorentz-Lorenz / cooperative Lamb shift)

Random Matrix Theory not valid : Euclidean Random Matrices
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kl=0.1

Eigenvectors ol Vectoril
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1)

2) Driven System

* Initial State preparation
*Scattering
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Driven Timed Dicke State :

N
. . ﬂ | _ 3 . .
Hamiltonian [ ﬁz {—D&j iAot —ikoT; h.c} n RZZ [gkﬁjaLEa&kt—ek-lj —I—h.c.}
(RWA) =1 k
wave function [I(t)) = a(1)[0)[0)x + e~ Z Bi ()€™ ™ 7)al0)k + 3 ne(1)]0
k
o= — %Q() Z 33, .
j=1
time evolution By = B — 500 — i Y g (oAt ko
k
N Trace over environment
S = — igpe—i B0t Z Sje—zt(k—ko),rj. )
=1
N
Markov approx. 7y > N -
! a |- Q. 1
Low saturation o~ | 3 =|1A0[; r § Yiml3
m=1
\ ) )

Y v
coherent Heff

drive




Université de Nice Sophia Antipolis - CNRS

Average force on center of mass (casy to measure)

A hkoS0
F,=(Fu) =——=1Im[3(¢)]
Ansatz . BJ=BTD Average Force VN
) - Fo=—hkel|B(t) fy

— .

2 \'
F c.N —l— I bo
F, 2 4 (M 2 24(ko g)2
q di ; Emission
uperradiance Disorder :

Diagram

Nat/Nmodes ZNat / (L/A)2 2 ﬁ‘&r (M1e)

&b
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Experimental sequence:

MOT loading (25s)
Dark MOT (50 ms)
Optical pumping
Pushing beam (0.8 ms)
Time of flight (13 ms)

Fluorescence imaging !

' Repumper

1 1 ]

0 5 10 15
Az (mm)
radiation pressure force
reduced by
cooperative scattering
(absorption+emission)

SEPRL, 104, 183602 (2010)
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Large volume limit

90°

Modified Angular emission diagram : Mie scattering
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physics

/ Nuclear " \
| J\.

b. units)
1)

Ketterle et al.,
Science 285, 571 (1999)

0 100 3
gy (neV

-100
energy (n

10 E_|

Rohlsberger etal., " wlicootio
\\Science 328, 1239 (2010) /

/ Astrophysics \

Mars
CO2

\

Quantum Dots :
Giant oscillator strength

Lodahl et al.,
Nat. Phys., 19th Dec 2010

\

I T T T T T I Y T Y T B
-100 -50 o 50

Non thermal emission line

Letokhov et al.,

New Astronomy Reviews 51,
43(2007)
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Looking for subradiance

Dicke subradiance for N two level systems
(in free space, N>>1) has not yet been observed

* Does not require large spatial densities
* Requires large optical densities
* Requires careful coupling : fragile state

niversite
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Fano Coupling and controlled subradiance

Q]

| E > D> 1.0
D g'g \ Sin kernel
\ 074\
N \ 0.64 \
= 051 \
\, 2 O 04 \ exp kernel
031 \
|G > 0.2 \ - 1,/
0.1 e
T .
T T . T T ¥ 0 1 2 3 4 5
10.0 I't
% - Svidzinsky et al. PRA 81, 053821 (2010)
Y ---- 0.1 [A0)>=[TD>
oony — "'-." aa o 00
o,
T,
~ B . . .
T % iy Inhomogeneous broadening in |ei>
T AR . => coupling in [TD>

th, o

Temnov, W(Sggon,
PRL 95, 243602 (2005)
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Fano Coupling and controlled subradiance
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What’s next :

* Subradiance experiments

* Look for Anderson (help with ‘decoherence’)
* Add order (coupled spins on lattice)

* Multiple scattering of quantum fluctuations

* Entanglement
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