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Quelques notions

Qu’est ce que le bruit ?

Si
gn

al

Temps

Rapport signal sur bruit : RSB.
Exemple : RSB=100, RSB=10, RSB = 1
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Quelques notions

Le bruit quantique de la lumière

Expériences de détection de la lumière
Etude du signal
Etude du bruit

On doit s’affranchir de :

Déterministe :
signal parasite

Non déterministe :
indépendant du système
de mesure
lié aux contraintes
techniques

Bruit quantique de la lumière :
lié à la nature corpusculaire de la lumière (photons)
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lié aux contraintes
techniques

Bruit quantique de la lumière :
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Quelques notions

Frontière classique pour le bruit

Du sable qui tombe sur une plaque de métal
Son du choc des grains sur la plaque
”Musique” classique

Statistique poissonienne

Les photons d’un laser atténué qui arrivent sur un détecteur
”Clic” à l’arrivée d’un photon sur le détecteur
”Musique” quasi-classique

Statistique poissonienne

5 6 6 35 5 4

Le bruit de grenaille (ou shot-noise)
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Quelques notions

Peut on réduire le bruit de la lumière sous cette
frontière ?

Etats non-classiques de la lumière

Etats non-classiques
Etats non accessibles pour
des objets classiques
Frontière = limite
quantique standard

Etats comprimés

3 3 3

”Clic” à l’arrivée d’un
photon sur le détecteur
Statistique
sub-poissonienne
Musique ”quantique”
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Plan

Plan

L’optique quantique en régime de variables continues
Étude théorique du mélange à 4 ondes
Résultats

Dispositif expérimental
Comparaison théorie/expérience
Lame séparatrice quantique

Perspectives
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Variables continues

Variables continues en optique quantique

Champ électrique oscillant
classique monochromatique

E = E0 ei(ωt+θ)

= X0 cosωt + Y0 sinωt

X

Y

Y0

X0
θ

E0
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Variables continues

Variables continues en optique quantique

En optique quantique :
un mode du champ électrique

assimilé à
un oscillateur harmonique

Hamiltonien de l’oscillateur
harmonique

Ĥ =
p̂2

2m
+

1
2

mω2x̂2

Relation de commutation

[x̂ , p̂] , 0

Inégalité d’Heisenberg

∆2
X̂

∆2
P̂
≥ 1



11

Introduction Optique quantique Étude théorique Résultats Perspectives

Variables continues

Variables continues en optique quantique

En optique quantique :
un mode du champ électrique

assimilé à
un oscillateur harmonique

Hamiltonien de l’oscillateur
harmonique

Ĥ =
p̂2

2m
+

1
2

mω2x̂2

Relation de commutation

[x̂ , p̂] , 0

Limite quantique standard

∆2
X̂

= ∆2
P̂

= 1
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Variables continues

Représentation d’un mode du champ électrique quantifié

Ê = E0(X̂ cosωt + Ŷ sinωt)

Inégalité d’Heisenberg

∆2
X̂

∆2
Ŷ
≥ 1

Etat cohérent : laser

∆2
X̂

= ∆2
Ŷ

= 1

X
^

Y
^

θ

SQL

Etat cohérent
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Etats non-classiques de la lumière

État comprimé à un mode

Représentation de l’état comprimé :
une quadrature sous la limite quantique standard

Compression : S =
∆X̂2

θ

∆X̂2
SQL
, SdB = 10 log

∆X̂2
θ

∆X̂2
SQL

X
^

Y
^

θ

Etat comprimé en intensité

SQL

X
^

Y
^

θ

Etat comprimé en phase

SQL
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Etats non-classiques de la lumière
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une quadrature sous la limite quantique standard

Compression : S =
∆X̂2

θ

∆X̂2
SQL
, SdB = 10 log

∆X̂2
θ

∆X̂2
SQL

X
^

Y
^

θ

Etat comprimé en intensité

SQL

X
^

Y
^

θ

Etat comprimé en phase

SQL



15

Introduction Optique quantique Étude théorique Résultats Perspectives

Etats non-classiques de la lumière

État comprimé à deux modes:

Corrélations quantiques
2 modes d’un seul objet quantique
On détecte les fluctuations de la différence des
photo-courants

+
-

Corrélations quantiques
en intensité

temps

temps
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Etats non-classiques de la lumière

Produire des états non-classiques ?

Génération d’états non-classiques
Composants de l’optique linéaire (cube, lentille, miroir...)

Effets non linéaires : χ(2), χ(3)
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Etats non-classiques de la lumière

Produire des états non-classiques ?

Génération d’états non-classiques
Composants de l’optique linéaire (cube, lentille, miroir...)

Effets non linéaires : χ(2), χ(3)

milieu χ(2) milieu χ(3)

Etat comprimé Seconde harmonique Effet Kerr

Corrélations Oscillateur paramétrique Mélange à 4 ondes
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Etats non-classiques de la lumière

Une brève histoire des états comprimés

Co
m

pr
es

si
on

  (
dB

)

Génération de seconde 
harmonique / E�et Kerr

Etat comprimé à 1 mode 
(OPO sous le seuil)

Faisceau jumeaux
(OPO)
Faisceau jumeaux
(4WM)

Nos résultats

Années
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Etats non-classiques de la lumière

Une brève histoire des états comprimés

Entangled Images from Four-WaveMixing
Vincent Boyer,* Alberto M. Marino, Raphael C. Pooser, Paul D. Lett*

Two beams of light can be quantum mechanically entangled through correlations of their
phase and intensity fluctuations. For a pair of spatially extended image-carrying light fields, the
concept of entanglement can be applied not only to the entire images but also to their smaller
details. We used a spatially multimode amplifier based on four-wave mixing in a hot vapor to
produce twin images that exhibit localized entanglement. The images can be bright fields that
display position-dependent quantum noise reduction in their intensity difference or vacuum twin
beams that are strongly entangled when projected onto a large range of different spatial modes.
The high degree of spatial entanglement demonstrates that the system is an ideal source for
parallel continuous-variable quantum information protocols.

Images have always been a communication
medium of choice because of the large
amount of information they can carry in

their details. Up to the present, optical devices
have mostly ignored the phase and intensity
fluctuations that result from the quantum nature
of the light that transports the images. The ability
of modern detectors to see the quantum fluctua-
tions of light has triggered the emergence of the
field of quantum imaging, where “visual”
information can be contained not only in the
local intensity of a light field but also in the local
quantum fluctuations (1). Controlling these local
fluctuations can improve optical resolution (2),
image amplification (3), and beam positioning
(4). Seen in the context of quantum information
science, quantum imaging is an extension of quan-
tum optics to the transverse spatial degrees of
freedom, and it allows us to benefit from the
intrinsic parallelism of image processing. Here,
we demonstrate the production of highly multi-
mode quantum-correlated “twin beams” by non-
degenerate four-wave mixing (4WM) in a hot
atomic vapor. The beams display continuous-
variable (CV) entanglement in that the quantum
fluctuations of a given pair of spatial modes cannot
be described independently, a property also known
as inseparability. This property is needed for the
implementation of numerous quantum informa-
tion protocols (5).

CV-entangled light can be generated with a
phase-insensitive optical amplifier (6), whichmixes
and amplifies two field modes a and b (the probe
and the conjugate), generating twin beams.When
fed with coherent states, vacuum states, or both,
the amplifier produces a pure state whose entan-
glement manifests itself through strong correla-
tions between the fluctuations of the output probe
and conjugate fields. These fields are each de-
scribed quantum mechanically by a pair of
conjugate quadrature operators: ðX%a,Y%aÞ for the
probe and ðX%b,Y%bÞ for the conjugate. The var-
iance of these operators for coherent states sets
the quantum noise level (QNL) of the quadrature

fluctuations. They are normalized here so that
the QNL is unity. To describe the correlations
between the twin beams, we define the joint
quadrature operators X%− ¼ ðX%a − X%bÞ=

ffiffiffi

2
p

and
Y%þ ¼ ðY%a þ Y%bÞ=

ffiffiffi

2
p

, which combine the quad-
rature operators of the individual fields. For an
amplifier gain (6) larger than one, the fluctua-
tions 〈DX% −

2〉 ¼ 〈DY% 2þ〉 are squeezed: They are
smaller than the QNL. The squeezing is larger for
a larger amplifier gain. Reciprocally, the observation
of noise reduction with respect to the QNL on both
joint quadratures X%− andY%þ for two optical fields
is sufficient to prove their entanglement, or insep-
arability. More generally, the degree of insepara-
bility can by quantified by I ¼ 〈DX%−

2〉þ 〈DY% 2þ〉.
The states are inseparable when I < 2 (7, 8).
Inseparability has been demonstrated for single–
spatial-mode twin beams, which can be likened
to single pixel images, with optical parametric
oscillators (OPOs) operating below (9, 10) and
above threshold (11, 12), with 4WM in optical
fibers (13) and with mixing of single-mode
squeezed states, giving the best measured in-
separability to date of I = 0.56 (14).

Amulti–spatial-mode optical amplifier couples
many pairs of spatial modes {(ai, bi)}, so that the
quantum fluctuations of the twin beams depend
not only on the frequency but also on the spatial
variables. Multimode operation occurs naturally
in amplifiers using nonlinear processes such as
parametric down-conversion (PDC) [c(2) non-
linearity] or 4WM [c(3) nonlinearity], as long as
the phase-matching condition allows a range of
probe and conjugate wave vectors to be coupled
(15). Multi–spatial-mode entanglement has been
observed in PDC (16, 17), where the gain is
inherently low, via photon-counting and coinci-
dence techniques. This can be done in spite of the
weakness of the quadrature entanglement and the
low detector efficiency. Here, we produce states
with large quadrature entanglement that can be
detected efficiently.

Large gains can be obtained with a c(2) me-
dium in an OPO configuration, where a build-up
cavity enhances the nonlinearity (18), but these
devices have proved challenging to operate in
the multi–spatial-mode regime. A possible rem-
edy is direct synthesis of multimode quantum
light (4, 19). Another route, which we present
here, is 4WM in atomic vapors, which display
very large nonlinearities. The recent demonstra-
tion of a large quantum noise reduction in the
intensity difference of twin beams generated by
nondegenerate 4WM in a hot vapor of 85Rb
without the use of a cavity (20) has prompted our
interest in observing spatial quantum effects in
c(3) media. The scheme (Fig. 1A) follows a
double-lambda configuration (21, 22) in which a
strong pump field of frequency w0 is mixed (by
way of the interaction with four atomic levels)
with two weak fields of frequencies wa and wb

(the probe and the conjugate) such that wa + wb =
2w0 (23). The fundamental feature of the scheme

Joint Quantum Institute, National Institute of Standards
and Technology, University of Maryland, Gaithersburg, MD
20899, USA.

*To whom correspondence should be addressed. E-mail:
vincent.boyer@nist.gov (V.B.); paul.lett@nist.gov (P.D.L.)

Fig. 1. 4WM in a hot 85Rb vapor. (A) Atomic levels of the D1 transition of 85Rb involved in the double-
lambda scheme. The width of the excited state represents the Doppler broadening. The pump (P) puts
most of the atomic population in the F = 3 hyperfine electronic ground state. The parametric process
converts two pump photons into one probe (Pr) photon and one conjugate (C) photon, which leads to
quantum correlations between the fields. (B) Geometry of the experiment. The bright pump is focused in a
hot 85Rb vapor cell and couples with probe and conjugate fields located symmetrically at a small angle q
with respect to the pump axis. The coupling is substantial over a range of angles Dq and has a cylindrical
symmetry. The coupling region is schematically represented by the green solid angle. When the process is
seeded in a particular probe mode, as represented in this figure, this mode and the corresponding
conjugate mode (initially in a vacuum state) emerge as bright twin beams. Arbitrarily shaped twin beams
can be obtained by inserting an amplitude mask on the probe seed. The polarization of the fields is
indicated by the double arrows.

25 JULY 2008 VOL 321 SCIENCE www.sciencemag.org544
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Etude théorique du
mélange à 4 ondes

Optique non linéaire
Modèle microscopique
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Le mélange à 4 onde en optique non linéaire

Mélange à 4 onde

Effet paramétrique : milieu de susceptibilité non-linéaire χ(3)

Conservation de l’énergie

Accord de phase

Accord de phase

L

Équations de propagation :

∂Ea

∂z
= κEa +ηE ∗b

∂Eb

∂z
= κEb +ηE ∗a

Solutions pour Ea = Ein et Eb = 0

|Ea | =
√

G Ein

|Eb | =
√

G−1 Ein
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Le mélange à 4 onde en optique non linéaire

Modèle de l’amplificateur linéaire idéal

Amplificateur linéaire idéal

âout =
√

G âin +
√

G−1 b̂†in
b̂†out =

√

G b̂†in +
√

G−1 âin

Opérateur nombre : N̂a = â†â
Différence d’intensité : N̂− = N̂a − N̂b

Valeurs moyennes pour
〈Na , in〉= |α|2 ∝ |Ein |

2

〈Na〉= G|α|2 , 〈Nb〉= (G−1)|α|2

〈N+〉= (2G−1)|α|2 , 〈N−〉= |α|2

Compression

SN− =
1

2G−1
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Modèle microscopique du mélange à 4 ondes

Etude théorique du
mélange à 4 ondes

Modèle microscopique
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Modèle microscopique du mélange à 4 ondes

Modèle microscopique pour le milieu non-linéaire

Modèle en double-Λ

L

ω0

Δ

δ
|2

|1

|3 |4

po
m
pe

sonde

co
nj
ug

ué

pom
pe

Δ0

7 paramètres : ∆, δ, ω0, Ω, γ, Γ, αL
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Modèle microscopique du mélange à 4 ondes

Approche de Heisenberg Langevin

Energie liée aux populations
couplage atomes-pompe
couplage atomes-sonde
couplage atomes-conjugué

Hamiltonien d’interaction

V̂ = −h̄[∆0 σ̂44 + ∆ σ̂33 +δσ̂22+

(
Ω

2
(σ̂31 + σ̂42) + ga â σ̂32 + gb b̂ σ̂41 + H.c.)]

ω0

Δ

δ
|2

|1

|3 |4

po
m
pe

sonde

co
nj
ug

ué

pom
pe

Δ0

Q. Glorieux et al. Phys. Rev. A 82, 033819 (2010)
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Modèle microscopique du mélange à 4 ondes

Approche de Heisenberg Langevin

Evolution Hamiltonienne
Dissipation (décohérence et émission spontanée)
Fluctuation

Evolution(
∂
∂t

+γuv

)
σ̂uv =

i
h̄

[V̂ , σ̂uv ] + r̂uv + F̂uv

ω0

Δ

δ
|2

|1

|3 |4

po
m
pe

sonde

co
nj
ug

ué

pom
pe

Δ0

Q. Glorieux et al. Phys. Rev. A 82, 033819 (2010)
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Modèle microscopique du mélange à 4 ondes

Propagation : relations entrée-sortie

Hypothèses pour des atomes immobiles
Etat stationnaire piloté par la pompe
Etat cohérent en entrée sur â
Vide en entrée sur b̂

Valeurs moyennes

Gain individuel sur â et b̂
Différence d’intensité
Phase

Fluctuations

Spectres de bruit (â et b̂)
Spectres de bruit de la
différence d’intensité
Anti-corrélations de
phase
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Modèle microscopique du mélange à 4 ondes

Résultats

Pour des atomes immobiles
En accord avec le modèle d’amplificateur linéaire idéal
Corrélations quantiques en intensité à l’aide d’un milieu
d’atomes froids
Intrication en variables continues
Exploration de l’espace des paramètres
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Modèle microscopique du mélange à 4 ondes

Extension du modèle à une vapeur atomique chaude

Pour des atomes non immobiles
Quel désaccord est vu par les atomes ?
Qu’est ce qui fixe le taux de décohérence ?
L’hypothèse de l’état stationnaire est elle valide ?
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Modèle microscopique du mélange à 4 ondes

Extension du modèle à une vapeur atomique chaude

Pour des atomes non immobiles
Quel désaccord est vu par les atomes ?
Qu’est ce qui fixe le taux de décohérence ?
L’hypothèse de l’état stationnaire est elle valide ?

Distribution de vitesse des atomes:
élargissement inhomogène

Désaccord à 1 photon
(intégration du profil de vitesse)

 - 1 0 1 2
0.0

0.2

0.4

0.6

0.8

1.0
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Modèle microscopique du mélange à 4 ondes

Extension du modèle à une vapeur atomique chaude

Pour des atomes non immobiles
Quel désaccord est vu par les atomes ?
Qu’est ce qui fixe le taux de décohérence ?
L’hypothèse de l’état stationnaire est elle valide ?

Temps de passage fini des atomes dans le faisceau

v=
√

2kB T
m ' 300 m.s−1

Rs=300 µm
γ ' 1 MHz
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Modèle microscopique du mélange à 4 ondes

Extension du modèle à une vapeur atomique chaude

Pour des atomes non immobiles
Quel désaccord est vu par les atomes ?
Qu’est ce qui fixe le taux de décohérence ?
L’hypothèse de l’état stationnaire est elle valide ?

Pompe

Sonde

Atomes

ω0

Δ0

Δ

δ
|2

|1

|3 |4

po
m
pe

sonde

co
nj
ug

ué

pom
pe

 - 10  - 9  - 8  - 7  - 6  - 50.0

0.2

0.4

0.6

0.8

1.0

10 10 10 101010
Temps (s)
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tio

n



33

Introduction Optique quantique Étude théorique Résultats Perspectives

Modèle microscopique du mélange à 4 ondes

Prise en compte de la préparation des atomes

Part d’atomes dans l’état stationnaire (∆/2π= 0.8 GHz) :

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.5 1.0 1.5 2.0
0.0

0.2

0.4

0.6

0.8

1.0

Comment les prendre en compte ?
Absorption linéaire
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Résultats
Dispositif expérimental
Comparaison avec le modèle théorique
Un nouveau régime : lame séparatrice
quantique
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Dispositif expérimental

Schéma du dispositif

 Laser Ti:Saph 
795 nm 

      1.5GHzPBS

PBS PBS
Rb 85 - 120°C

Analyseur de
      spectre

Détection 
 balancée

Pom
pe

Sonde

l/2

l/2

l/4

Sonde

Conjugué

Modulateur acousto optique

3 GHz5 S1/2

5 P1/2

F=2

F=3

Rb85 D1

795 nm
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Dispositif expérimental

Elements utilisés

Laser Ti:Saph stabilisé sur la raie D1 du 85Rb : P ≤ 1.5W
Cellule de 85Rb chauffée : 90◦C ≤ T ≤ 140◦C
Photodetection balancée : η ' 0.95±0.02
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Dispositif expérimental

Modulateur acousto-optique

Génération du faisceau sonde
Modulateur acousto-optique (1.5 GHz)
Source radio fréquence

VCO et amplificateur non saturé
Synthétiseur et amplificateur saturé

Influence du bruit

S =
1

2G−1

S′ =
Ssonde

2G−1

6

5

4

3

2

1

0

P
u
is

sa
n
c
e
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e
 b

ru
it

 �
 1

.5
 M

H
z
 (

p
W

)

43210
Puissance optique (mW)
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Dispositif expérimental

Résultats
Comparaisons avec le modèle théorique

10 paramètres : ∆, δ, ω0, Ω, γ, Γ, αL , ω, T , Rs et Rp
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Corrélations quantiques à 795 nm

Transmission du faisceau sonde

6

4

2

0
6420-2

δ
|2

|1

|3 |4
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sonde

co
nj
ug

ué

pom
pe

Données mesurées (NIST)
Atomes immobiles
Vapeur atomique
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Corrélations quantiques à 795 nm

Comparaison théorie - expérience

Puissance du champ pompe.

a) b)

� � �
�
�
�

�
�

�

�
�
�

�

�

�

�

� � �

0.0 0.2 0.4 0.6 0.8 1.00

5

10

15

20
�

�

�

�

�
�
�
� � � � � � � � � �

0.2 0.4 0.6 0.8 1.0�8

�6

�4

�2

0

à 
1M

H
z

Données mesurées
Vapeur atomique



41

Introduction Optique quantique Étude théorique Résultats Perspectives

Corrélations quantiques à 795 nm

Comparaison théorie - expérience

Effet du désaccord à 1 photon

a) b)
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Corrélations quantiques à 795 nm

Corrélations quantiques en intensité

Données
∆ = 0.8 GHz, δ= 6 MHz, T = 118◦C, Pp = 1W
Gain : G ≈ 12
Corrélations mesurées : -8.4 dB.
Valeur corrigée du bruit électronique: -9.2 dB

-8.4 dB

Bruit de la sonde seule

Limite quantique standard
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Q. Glorieux, et al. in Quantum Optics, edited by V. N. Zadkov and T. Durt, Vol. 7727 (SPIE, 2010), 772703.
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Corrélations quantiques à 795 nm
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Lame séparatrice quantique

Résultats
Lame séparatrice quantique



45

Introduction Optique quantique Étude théorique Résultats Perspectives

Lame séparatrice quantique

Observation d’un nouveau régime de corrélations

G < 1
Une lame séparatrice ”quantique” ?



46

Introduction Optique quantique Étude théorique Résultats Perspectives

Lame séparatrice quantique

Démonstration experimentale

Données
∆ = 1 GHz, δ= −52 MHz, T = 90◦C, Pp = 0.4W
Gain total : Ga + Gb ≈ 1
Corrélations mesurées : -0.8 dB.

Sonde

Conjugué

Pompe ONPompe OFF

a) b)

Fréquence d’analyse (MHz)Temps

Q. Glorieux et al. soumis, (2010)
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Conclusion

Une source de lumière non-classique
-9.2 dB de corrélations d’intensité à 795 nm
Compatible avec des mémoires quantiques atomiques
Potentiellement multimode spatial

Comparaison théorie/expérience
Excellent accord avec l’expérience sans aucun paramètre
ajustable
Prédiction et vérification expérimentale d’un nouveau
régime (G < 1)
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Perspectives
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Mélange à 4 ondes dans le régime impulsionnel

Expériences réalisées à l’Institut d’Optique
Observation de -1.3 dB de corrélations dans une vapeur de
87Rb pour des impulsions (sonde) de 50 ns.

Etude théorique
Utilisation de notre modèle moyenné sur la largeur spectrale
des impulsions
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Démonstration experimentale avec des atomes froids

Configuration experimentale

Piège magnéto-optique (épaisseur optique αL ' 150)

Etude du role de la décohérence
Possibilité d’atteindre des valeurs plus faibles

Etude de la transition avec le régime de comptage

Generation of Narrow-Bandwidth Paired Photons: Use of a Single Driving Laser

Pavel Kolchin,* Shengwang Du, Chinmay Belthangady, G. Y. Yin, and S. E. Harris
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA

(Received 9 June 2006; published 12 September 2006)

We describe a generator of narrow-band paired photons. A single retroreflected Ti:sapphire laser is used
to cool, render transparent, and parametrically pump a cloud of 87Rb atoms. We attain a paired-photon
generation rate into opposing fibers of 600 counts=s with an intensity correlation function that has a width
of 5 ns, and violates the Cauchy-Schwartz criteria by a factor of 2000.

DOI: 10.1103/PhysRevLett.97.113602 PACS numbers: 42.50.Gy, 32.80.!t, 42.50.Dv, 42.65.Lm

It is an objective of quantum optics [1] to develop
generators of time-energy entangled photons with control-
lable waveforms. A major step was made by the groups of
Lukin and Kimble who demonstrated the use of electro-
magnetically induced transparency (EIT) to generate
single photons on demand and to show nonclassical corre-
lations of paired photons [2,3]. More recently, Balić et al.
[4] at Stanford demonstrated generation and rudimentary
waveform shaping of narrow-band biphoton waveforms.
Black et al. [5] at MIT demonstrated single photon gen-
eration on demand with a photon conversion efficiency of
40%.

This Letter describes a modification of the earlier
Stanford technique. Its principal features are the use of a
standing wave right angle geometry, and the use of a single
driving laser with two AOM’s to parametrically pump the
87Rb atoms, and also to trap and cool these atoms. This
technique results in a modification and narrowing of the
Glauber intensity correlation function, and at the same
time the elimination of Rayleigh scattering. An energy
level diagram, and the geometry and timing for the experi-
ment are shown in Fig. 1. We replace the three driving
lasers of the earlier experiment with a single (Ti:sapphire)
laser. The Ti:sapphire laser frequency is down-shifted by
123.5 MHz so as to be resonant with the j5S1=2; F " 2i !
j5P3=2; F " 2i transition. This frequency, denoted by !p,
acts as the coupling laser of earlier experiments and creates
transparency on the j5S1=2; F " 1i ! j5P3=2; F " 2i tran-
sition. This same frequency pumps the four wave down-
conversion process that generates the paired photons. To
cool and trap 87Rb atoms the incident Ti:sapphire laser
beam is up-shifted by 123.5 MHz to 20 MHz below the
j5S1=2; F " 2i ! j5P3=2; F " 3i transition (not shown).
This is done periodically so as to create a 10% duty cycle,
with the trapping process occurring for 4.5 ms, followed by
an experimental window of 500 !s. The trapping magnetic
field remains on during this experimental window.

Of importance we find that the use of a retroreflected
laser for both pumping and coupling results in an unex-
pected change in the shape of the Glauber intensity corre-
lation function for the Stokes and anti-Stokes photons. In
the earlier Stanford work [4], the shape of the correlation
function was set by the longer of two characteristic times.

These times are the group delay time between the Stokes
and anti-Stokes photons, and the inverse Rabi frequency of
the coupling laser. Here, because of the much larger Rabi
frequency (200 MHz) of the common pump and coupling
laser, the group delay time is short and the Rabi period
dominates. We therefore expect a damped-periodic corre-
lation function similar to that of the earlier work with a
period of about 5 ns. We find experimentally and verify
theoretically that the interference fringes (in the x direc-
tion) that are caused by the counterpropagating pumping
beams result in a reduction of the outer Rabi side lobes of
the intensity correlation function.

We first modify the theory as given by Balic et al. [4] and
Kolchin [6] to include the periodic variation with x of the
pump laser field. We expand Stokes and anti-Stokes field
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FIG. 1 (color online). (a) Energy level diagram. (b) Schematic
for paired-photon generation. In the presence of a strong, linear
polarized, retroreflected pump beam, Stokes and anti-Stokes
photons are generated into opposing single mode fibers. The
fibers are aligned at right angles to the direction of the pump
beam. (c) The photon generation window of 500 !s is followed
by a trapping and cooling period of 4.5 ms. (d) The Ti:sapphire
laser is up-shifted to trap and cool atoms and down-shifted to
serve as a pump for the paired-photon generation process.

PRL 97, 113602 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
15 SEPTEMBER 2006

0031-9007=06=97(11)=113602(4) 113602-1  2006 The American Physical Society
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Amplification sensible à la phase

Conservation de l’énergie

Accord de phase

Accord de phase

L

Etat comprimé à 1 mode

Milieu non
linéaire

Accord de phase

Conservation de l’énergie
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Expériences à 422 nm

Mémoire quantique dans un nuage
d’ions 88Sr+

Quasi coı̈ncidence (440 MHz) entre:
5S1/2→ 6P1/2 du 85Rb
5S1/2→ 5P1/2 du 88Sr+

Mélange à 4 ondes à 422 nm

Prédiction théorique défavorable (Γ422 = 1
20Γ795)

Pas d’observation expérimentale de gain
Observation de la transparence électromagnétiquement
induite sur la ligne 5S1/2→ 6P1/2 du 85Rb
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Limitations - Prediction

Γblue '
Γred
20

Increasing optical depth αL 20 times
Increasing temperature to 170 C
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Atoms preparation

atoms prepared in a coherent superposition by the pump
pump size limited... (by available power)
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EIT observation

a)

b)
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Modèle de l’amplificateur linéaire idéal

Amplificateur linéaire idéal :

âout =
√

G e iφ1 âin +
√

G−1 e iφ2 â†in

Etat comprimé à 1 mode :

0
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Amplification sensible à la phase

Expériences en cours au NIST à
Gaithersburg

Deux pompes verrouillées en
phase
Oscillateur local
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