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1. Cooperative optical non-linearity due to dipole-dipole interactions
2. Observation of cooperativity in an ultra-cold Rydberg ensemble

3. Towards single photon non-linearities
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Optical Non-linearity
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Optical response expressed in terms of complex susceptibility:

X = X(l) _|_X(2)g_|_x(3)g2 + ...
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Observe back-action on light :

Transmission T = exp{—kx ¢}
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Dispersion A¢ = kxrl/2
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Electromagnetically Induced Transparency %

Consider a three level atom in ladder EIT scheme

On resonance eigenstate is:
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Electromagnetically Induced Transparency %

Consider a three level atom in ladder EIT scheme

On two-photon resonance populate dark state:

t)

M. Fleischhauer et al., RMP 77, 633 (2005).
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Giant Kerr X(3)

H. Schmidt and A. Imamoglu
Opt. Lett. 21, 1936 (1996)
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] A. Mohapatra et al.
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Single photon Kerr non-linearities .
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Apply Kerr effect to two photon gate:

NN
N\
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Phase shift changes across envelope - destroys fidelity

Single-photon Kerr non-linearities do not help quantum computation,
J. H. Shapiro, PRA 76, 062305 (2006)

Impossibility of large phase shift via the giant Kerr effect with single photon wavepackets,
J. Gea-Banacloche, PRA 81, 043823 (2010).

= Require novel non-linearity
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“Ordinary” Non-linearity

Single dipole |@ | X1

Dipoles

=2
dependent o X X

Two dipoles (@ [+ | @] == |

From single dipole response derive response of ensemble x = Nx1

Cooperative non-linearity

Introduce strong dipole-dipole interactions

Two dipoles |@ |1 | @ | =3 CB:'Ir?eci!aetZd @ @ x#2x1

Optical response of single dipole modified by neighbouring dipoles
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Rydberg Atoms A\
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Cooperativity requires strong dipole-dipole interactions = Rydberg Atoms

Interaction V(R) = —% o ntt

Dipole moment # X n’

‘Strong’ dipole-dipole interactions = Blockade V(R) > €.

e ) l Blockade radius
6 C’6 ~
- o) @ Ry={/q =5 m (6085 Q~ 4 MH2)

lgg) ‘ Average Number of atoms / blockade

>

1 Nb = 4/37TR%,0
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Atom | Atom 2 Coupled BaS|s

Large separation : Observe ordinary dark state|¥p) = |¢¥p)1 ® D)2
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Rydberg EIT with interactions

Move atoms closer R < R}, V(R)¢

—|gr>—|ee

Atom | Atom 2 Coupled BaS|s

V(R) > (). : Blockade creates new state |¥)
D. Mgller et al. PRL 100, 170504 (2008)
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Tuneable cooperative atom-light interaction = ., ,, V(R)
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1. Cooperative optical non-linearity due to dipole-dipole interactions
2. Observation of cooperativity in an ultra-cold Rydberg ensemble

3. Towards single photon non-linearities
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EIT Locking Scheme Choice of Rydberg State  V(R) > Q. > Q,

ns np

Cexn'l' Q.xn3? =n=50-60
4 )
— Experimental
Coupling Laser pe enta SetuP
480 nm 87Rb atoms prepared in 5S12 |[F = 2,mp = 2)
5 P7so ~ 1 pW — 3 nW Piso ~ 50 mW
P wo = 12 pm wo = 66 um
Probe Laser ,
Single
780 nm Photon
Counter
o >
5s 2G Bias
Lett. 94, 071107 (2009) K. J. Weatherill et al., J. Phys. B 41, 201002 (2008).
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Record transmission for 60S1z2at p ~ 1.2 x 10' cm ™
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5S1/2 = 5P312 => 60S1/2 <:;><D\>
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Record transmission for 60S1z2at p ~ 1.2 x 10' cm ™
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5S1/2 = S5P32 = 60S1)2

Record transmission for 60S1z2at p ~ 1.2 x 10' cm™
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Record transmission for 60S1z2at p ~ 1.2 x 10' cm ™

4 )

08[(1,
0.7|(MHz) N

06| — 1.
— 2. _ \ J

+ Suppression

+ No broadening

0.5

04¢

0.3¢

0.2¢

0.1} | | | | ]
0_4_—}—i—i—__§___i_i___+

ol - - - - ' !

-10 -5 0 5 10 0.20 1 2 3 411 5

Ap/2m (MHz) Q,/27 (MHz)

J. D. Pritchard et al. arXiv:1006.4087 (2010)

Transmission

Cooperative atom-light interaction in a blockaded Rydberg ensemble,

AR
W Durham
University MPIPKS Workshop, Dresden 2010



5S1/2 = 5P312 => 60S1/2 <:>Q\_>
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# . : . :
\Observatlons: Suppression No Shift No Broademng)
(n . )
Mechanisms:
¢ |on Creation
 Mean-field interaction
* Van der Waals dephasing
\ * Cooperative Nonlinearity
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No Shift

No Broadening)

[Observations: Suppression
(Mechanisms: A
¢ lon Creation
* Mean-field interaction
* Van der Waals dephasing
\ * Cooperative Nonlinearity

lons cause red shift and broadening
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Mechanisms for suppression N\
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H. Schempp et al. PRL 104, 173602 (2010)
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Mechanisms for suppression N
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Mechanisms for suppression N
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Mechanisms:
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S
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N
\ e Cooperative Nonlinearity ) =
n
=
o
Require model for all atoms in blockade -
p~12x10"°%cm™> = N, ~9
Too big to model!
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Reduce atomic density

p~035x10"°% ecm™ = Require 3-atom model

Q,/2m (MHz) : 1.1 2.0 3.2
1

n
o
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Three Atom Model (1)

Three Atom Coupled Basis

Entangled state on two-photon resonance:

i y i ,i I y i y I i y i y i
Model transmission using Liouville eq. ¢ = > o, 7] — ~o
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Three Atom Model (2) N
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Blockade Dephasing Rate .
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=
w 0.8 “
2z

Cooperative model:

Model single blockade to reproduce ensemble

No additional broadening = EIT width limited by relative laser linewidth 7gr

Blockade dephasing rate

b /2m < 100 kHz
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Np-Scaling
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Non-linear density scaling: Vy\/u M:
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1. Cooperative optical non-linearity due to dipole-dipole interactions
2. Observation of cooperativity in an ultra-cold Rydberg ensemble

3. Towards single photon non-linearities
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Input light in coherent state |«) E o5}

0.1

0.05f

Tt )

(Measure changes in photon statistics due to cooperative interactiorD
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= Single Photon source

—_— ’ \/\/\/\,) M. Saffman and T. Walker, PRA 66,

065403 (2002)

= Cooperative emission of a single photon

— D. Porras and J. I. Cirac, PRL 78, 053816 (2009)
L. H. Pedersen and K. Mgimer, PRA 79, 012320 (2009)
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Single Photon Non-linearities A\
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Requirements:
+ Large single photon Rabi frequency
+ All atoms confined within single blockade sphere R < Ry ~ 5 pym
\_ /

Solution: Microscopic Dipole Trap

915 nm dipole trap 780 nm probe beam

Transverse trap w = 6 um
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( 0.8 \
Cooperative atom-light interaction due to E y
dipole-dipole interactions g os
v Done "
C IRNPR VI S )
- L] \
Require single blockade sphere
v Built
\_ J
N
Explore photon statistics
— ‘ N\
o |[n progress
\_ J
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