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Superradiant Rayleigh scattering
from a Bose-Einstein condensate

S. Inouye, et. al., Science 285, 571 (1999)
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Semi-classical explanation
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R: single-atom Rayleigh scattering rate



Fully-quantum picture
(Fermi’s Golden Rule)
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Dicke’s picture

N-atom system < N spin-1/2 system with the total spin J = N/2

(assumption: Indiscernability of the atoms with respect to

photon emission)

Spontaneous emission rate
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Three different pictures
for superradinace in a BEC

e Semi-classical picture (Bragg diffraction of a
pump beam off a matter wave grating)

* Full-quantum picture (Bosonic enhancement
by the recolling atoms)

* Dicke’s picture (enhanced radiation from a
symmetric cooparative state )



Superradiant Rayleigh scattering
In a Rb BEC

B
Rb BEC
Week pump light l
25 us-3200 us
63 mW/cm? 051 . =
OD.

detuning: -4.4 GHz ‘ -

30 ms TOF

D. Schneble, Y.T., M. Boyd, E. W. Streed, D. E. Pritchard, and W. Ketterle, Science 300, 475 (2003)



Superradiant Rayleigh scattering
In the short (strong) pulse regime

A
Rb BEC
Strong pump light 4 l 2
.' 1 us-10 us
.
63 mW/cm?
detuning: -440 MHz
30 ms TOF

D. Schneble, Y.T., M. Boyd, E. W. Streed, D. E. Pritchard, and W. Ketterle, Science 300, 475 (2003)



Asymmetry of the X-shaped pattern




Explanation for the asymmetric
X-shape

Scattered light
Pump beam (endfire modes)

-

Optical grating

Kapitza-Dirac Diffraction
of the matter wave



Intensity of the endfire mode

experiment theory
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Scattering rate when
the endfire photon n,_,>>1

Scattering process: W»/'
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Reverse scattering process:
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Net scattering rate:
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Bosonic stimulation by the sum (not the product) of N, and n,



Bosonic stimulation by the recolling
atoms N, or the endfire photon n,_,?

W oc N jn, N +nkq+1)

y N«l

W e Ngno (N, +2)(neNgW e Ngno(n, , +1)

Stimulation by N, (atom) Stimulation by n,_, (photon)

Both pictures would give the same scattering rate!



New Interpretation of superradiance
(in the long pulse regime)

PUMp beam Endfire beam Moving optical grating
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Bragg diffraction of
the matter wave

Superradiant Rayleigh scattering regarded as (self-stimulated)
Bragg diffraction of a matter wave off a moving optical grating



Semi-classical derivation of
the Bragg scattering rate

E Fermi’'s Golden Rule
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How to express the rate W
in terms of R and n,_,?
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..continued
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Four different pictures
for superradinace in a BEC

Semi-classical picture (Bragg diffraction of a
pump beam off a matter wave grating)

Full-quantum picture (Bosonically enhanced
scattering by the recolling atoms)

Dicke’s picture (enhanced radiation from a
symmetric cooparative state )

self-stimulating Bragg diffraction of the matter
wave off the optical grating



Analysis Including propagation
effects
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O. Zobay and Georgios M. Nikolopoulos, PRA 72, 041604R (2005)



Changing the polarization of the
pump beam

F=2 F=1

“ Pdarization
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Detuning: -2.6 GHz
Intensity: 40 mW/cm?
Pulse duration: 100 us

Y. Yoshikawa, et al., PRA 69 041603 (2004)
D. Schneble, et at., PRA 69 041601 (2004)




Raman superradiance

The only condition for Raman superradiance:
Raman scattering gain > Rayleigh scattering gain
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Merits of Raman superradiance
over Rayleight superradiance

A

e>

\

Raman Rayleigh

Endfire mode

Pump o
N x AT
'

gl =

L

g2

>

*No backward scattering (K-D scattering)

*No interaction with the pump bean once scattered



Number of atoms[107]

Exponential growth of
the Raman scattered atoms
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Where Is a grating?

Thermal atoms




The origin of a grating
(Collective mode excitation)

SN s alexe \ One atom is excited to the collective
atomic mode defined by S*
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Writing, storing, and reading of
a single photon

writing storing reading

click! one photon /I\
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Superradiance in a Thermal gas
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Y. Yoshikawa, Y. T. and T. Kuga, PRL 94 083602 (2005)



The origin of the threshold

Loss term
1 _ . (G-L)t
N = (G @)Nq —> N, oce
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. > G : No exponential growth
G>L : exponential growth with
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,:':Rth
L =1/7,
I u

coherent time of the system



What determines the coherence time?

a) The endfire mode

Doppler width:
N P
Awy, =QqVv |V = -
RMS velocity
1 1
TC = = —
Aw, QqV

J

b) matter wave grating
(overlap of the wave packets)

_Iq

Coherence time is given by the inverse of the Doppler width



Measurement of the coherence time
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Coherence time vs. temperature
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Conclusion

* The behavior of superradiance in the short
and strong pulse regime has led to a new
picture of superradiance (optical stimulation)

e The study of superradiance in a thermal gas
showed that a thermal gas will act as a pure
condensate within a time scale shorter than
the coherence time, which is determined by
the Doppler effect.



