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Collective Atomic Recoil Lasing (CARL)
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Particles self-organize to form compact bunches ~ A/2
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Collective Atomic Recoil Lasing = Optical gain + bunching



BIDIRECTIONAL RING CAVITY.:
only one mode in each direction interacts with atoms
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CARL model:

strong pump >> scattered field

pump is far detuned from atomic resonance, (A,>>y) so atoms
remain in their ground state

adiabatically eliminate internal atomic degrees of freedom
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CLASSICAL REGIME of CARL:

+ Operators (z; ,p,;) and a are considered as classical variables
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- exponential growth of scattered intensity
and bunching

+ saturation at A~1 (N 100 ~p N o N*/3)
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Atoms behave as coupled pendula in a self-consistent potential:
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SUPERRADIANT REGIME

In free space:

(EXACT PROPAGATION)
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In optical cavity:

(MEAN FIELD APPROXIMATION)
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SUPERRADIANT REGIME : SELF-SIMILAR SOLUTION
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SUPERRADIANT EMISSION (EXACT PROPAGATION)
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QUANTUM EFFECTS ARE EXPECTED WHEN THE
ATOMS ARE INITIALLY COLDER THAN T

recoil

momentum spread c < hk =) T¢T ie.a BEC!

recoil

pump laser =l <@ TP —

two possible regimes:

CLASSICAL REGIME: QUANTUM REGIME:
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QUANTUM MODEL FOR CARL
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Momentum

representation:

w(0,7) = ¢, (v)e™
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'‘Good-cavity limit' K=0
classical regime p>>1
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'‘Good-cavity limit* K=0
quantum regime p<l1

only TWO momentum states : p, =0 and p, =-2hk
¥(0,1) oc ¢ (1) + ¢ (1)e™

n=0

the condensate behaves

] l as a two-level system

(i.e. a laser ])
n=-1

quantum CARL equations reduce to Maxwell-Bloch equations |



BEC behaves like an

p:O n=0
unstable pendulum
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QUANTUM SUPERRADIANT REGIME: K

cav
KCClV

when photons escape fast from atoms (large K)..

SEQUENTTIAL SUPERRADIANT SCATTERING:
atoms recoil by 2hk, emitting a SR pulse
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CLASSICAL & QUANTUM SUPERRADIANT REGIME :

QUANTUM LIMIT
(sequential two-level SR)
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Quantum Superradiant CARL has been observed
in 1999 by Ketterle at MIT and at LENS in 2002
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The LENS experiment

B  Production of an elongated 8’Rb BEC in a loffe-Pritchard magnetic trap
] Laser pulse during first expansion of the condensate

B Absorption imaging of the momentum components of the cloud

trap

BEC
L

)
p— D °
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Experimental values:

A =13 GHz absorption imaging
w =750 um
P=13 mW

L. Fallani et al., PRA (2006)




The LENS experiment

Temporal evolution of the population in the first three atomic momentum states during the
application of the light pulse.
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(neglecting radiation diffraction..)
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GOOD-CAVITY REGIME (K=0, D=0) and n=0.1

radiation intensity
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GOOD-CAVITY REGIME:
effects of diffraction and cavity damping

atomic density atomic density
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SUPERRADIANT REGIME (K>>D»>1)

Z, > L, (K >> D)
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SUPERRADIANT REGIME

ENERGY
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Entanglement in CARL
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three-mode entanglement:
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Entanglement is robust against
decoherence (y) and cavity damping (k)
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We have solved the MASTER EQUATION transforming it in an equation for

a three-mode WIGNER FUNCTION W(OL1,OL2,OL3)

Then, we have calculated numerically the COVARIANCE MATRIX C (6x6)
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Classical regime p=100 and A=0
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Quantum regime p=0.2 and A=,
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