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BEC Phase Transition
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Comparison between ordinary and
superradiant emission
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Fig. 1. Comparison between the general characteristics of ordinary fluorescence and superradiance experiments. (a) Ordinary spontaneous emission

is essentially isotropic with an exponentially decaying intensity (time constant 7). (b) Superradiance is anisotropic with an emission oceurring in a short
burst of duration ~7g/N.

From M. Gross and S. Haroche, Phys. Rep. 93, 301 (1982)



N-atom spontaneous emission

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)
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Enhancement by the number
of photons already emitted

R. H. Dicke, Phys. Rev. 93, 99 (1954)
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Rayleigh scattering in a Rb BEC

Rh BEC

Off-resonarit light

63 mW/cm?
detuning: -4.4 (Hz

Pulse duration:
25 ns-3200 s

30 ms TOF

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



Rayleigh scattering in a Rb BEC

End-fire mode

Rb2BEC

°© @

Off-resonant light

63 mW/cm?
detuning: -4.4 GHz

Pulse duration:
End-fire mode 25 ms-3200 s

30 ms TOF

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



Semiclassical interpretation of
superradiance

Spontaneous Recoiling atom Bragg scattering
BEC emission 9 N, =1 of pump light

T

Pump light

Two recoiling atoms Bragg scattering of

pump light
... goes on
T
The rate of light scattering is enhanced Nq M NONq

by the number of recoiling atoms Amplification of matter-wave
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Does Matter Wave Amplification Work for Fermions?

Wolfgang Ketterle and Shin Inouye
Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachuserts (02139
(Received 16 August 2000)

We discuss the relationship between bosonic stimulation, density fluctuations, and matter wave grat-
ings. It is shown that enhanced stimulated scattering, matter wave amplification, and atomic four-wave
mixing do not reguire macroscopic occupation of a single quantum state. These processes are in principle
possible for fermionic or nondegenerate samples, if they are prepared in a cooperative state. In practice,
there are limitations due to short coherence times.
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Superradiant Light Scattering from Thermal Atomic Vapors

Yutaka Yoshikawa.* Yoshio Torii. and Takahiro Kuga

Institure af Physics, Universiry of Tokyo, 3-8-1, Meguro-ku, Komaba, Tokyo 153-8902, Japan.
(Received 12 July 2004: published 4 March 2005)

Superradiant light scattering from noncondensed, thermal atomic vapors was experimentally studied.
We found that superradiant gain is independent of quantum degeneracy and determined only by the shape
of the atomic cloud and a contained number of atoms. Superradiant pump-probe spectroscopy was also
developed to measure the atomic correlation function, revealing the Doppler-width-limited coherence
time of the thermal gas and sudden buildup of long-lived coherence below the transition temperature.



Superradiance in a Thermal gas
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Where Is the grating?

Thermal atoms




The origin of the grating
(Collective mode excitation)
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How long does the grating survive?

End-fire light End-fire light
S D — 00 LA
Short delay
Pump beam Pump beam
s
Long delay
Pump beam Pump beam

Storage (coherent) time of the grating is limited by the size of the wavepacket



Light intensity [a.u.]
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Storage time vs. temperature
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Writing, storing, and reading of
a single photon

writing storing reading

click! one photon l\
SR rslin NGRS
one photon -

A A

g > —— lg >




Motivation: DLCZ protocol
(long distance guantum network)

Detection of a forward-scattered photon
results in the excitation of the symmetric

collective mode defined by

+
S N a |s><g|
i=1
9 t&g;:_f\_f\!\ . D Box 1
1 Collective enhancement

Atums
T Long-Ived excitations in atomic ensembles can be viewed as waves of

wave mode 5. For a simple demonstration of collective enhancement, we
assume that the atoms are placed in a low-finesse ring cavity®s, with a
relevant cavity mode corresponding to forward-scattered Stokes
radiation. The cavity-free case corresponds to the limit whers the finesss

excited spins. We are here particularly interested in the symmetric spin
Filter Channel [N

— tends to 1 (ref. 17). The interaction between the forward-scatterad light
’\/\/&7\?‘-, u‘}’\/\f\ ‘ D'z mode and the atoms is described by the hamiltonian

Atoms % H= ﬁ{:g:_{f_".}STb? +he.

where h.c. is the hermitian conjugation, &7 is the creation operator for
cavity photons, £2 is the laser Rabi frequency, and g; the atom-fisld
coupling constant. In addition to coherent evolution, the photonic fisld

L.-M. Duan, M. D. Lukin, J. I. Cirac,and P. Zoller, Nature. 414, 413 (2001)
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Signal intensity [a.u.]
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Y. Yoshikawa, K. Nakayama, Y. T. and T. Kuga,
Phys. Rev. Lett. 99, 220407 (2007).
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Species: state  E lifetime
(GV/cm)

\
BaF : X2S* 7.4
YbF : X2St 26 Sussex
PbF : X2S* -29
HgF : X2S* 99 >
PbO: a(1) 8S* 26 80ns  Yale Harvard
ThO: asD* 100 1lms Harvard

J
HfF*: 3D* 10 1ls JLA

lon Trap
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EDM
dd
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paramagnetic & 4 ‘P‘Eeﬁ Vt NT

atom diamagnetic
Fr Sr R paramagnetic

Sr
1GV/cm
diamagnetic
/
t 1ms

Fr Sr
\_ f 1s )

if1GV/cm,t=1s N=10° 10%7ecm @ 10 sintegration

1028 e cm @ 1000 s integration
1022 e cm @ 1 day integration




Internal electric fields and sensitivity of molecules

theory experiment sensitivity calculation
. i (value (future plan)
Species: state E lifetime : :
(GV/em) from paper) @1 day integration
ground state
BaF : X2S* 74 ground
YbF : X2S* 26 ground  Sussex 6x1026 e cm 102 ecm
PbF : X2S* -29 ground
HgF : X2S* 99 ground
metastable state
PbO : a(1) 3S* 26 80ns  Yae, Harvard 1026 ecm 102 ecm
ThO: a3D* 100 1ms Harvard
molecular ions
HfF+: 3D* 10 1ls JLA 102 ecm

ultracold molecules
FrSr: X2S* 1-100? ground Tokyo/Tohoku 1022 - 1031 ecm



.3

— , L @20
Hooy =-d. > Eg E,  (0-100) 10°V/ o

D. DeMilleet d.,
Phys. Rev. A 61, 052507(2000)

Z
Z E. (GV/cm)
rRb 37 1.0- 10
Sr 38 11- 11
< Cs 55 32- 32
Yb 70 6.7- 67 YbF 26 GV/cm
_Hg 80 10 -100 HgF 99 GV/cm
Tl 81 10.4 - 104
Pb 82 10.8 - 108 PbF -29 GV/cm, PbO 26 GV/cm
Fr 87 12.8 - 128

Th 90 14.0 - 140 ThO 100 GV/cm



e-EDM

FrSr - Fr, Sr
YbRb  Dusseldorf Yb-Rb photoassociation
YbLi Washington Yb Li

e-EDM 2

Photoassociation

E. Meyer et al.,
Phys. Rev. A 80, 042508(2009)



Electric dipole moments (for vibrational ground state u=0):

molecule dipole moment [D]
Li-Na 0.56 MIT
Max-Planck
TUbingen
Li-Cs 55 Chicago
Na-K 2.8
Na-Rb 3.3
Na-Cs 4.6
K-Cs 19
Rb-Cs 1.2 Innsbruck

1D =1debye=10"° esu» 3.33640 * C xm
M. Aymar and O. Dulieu, J. Chem. Phys., 122, 204302 (2005)
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paramagnetic atoms

LI Na K Rb Cs Fr

diamagnetic| S@ 0.02] 0.07{ 0.18] 0.18] 0.21 0.3

atoms | Sr -0.03 0.02] 0.13] 0.13] 0.16] 0.25

T Yb 012 017] o028 o028 031 04

SrLi

R SrLi

d
[SrLi 0.34D |

arXiv:1007.1892 [physics.atm-clus] 12 Jul 2010
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Sympathetic cooling

The basic idea of our experimental strategy is to sympathetic cool a small cloud
by a large Rb cloud.

Principle of sympathetic cooling:
e species A: evaporatively cooled

» species B: cooled by thermal contact
with A

In a mixture experiment:
* species A: e.g.®Rb
* species B: e.g. SLi




R T, = N, T, + N, T

Rb BEC N=10/



2008
Li-K (T=0.4Tp)
Max-Planck
Li-K
Li

(T = 200 nK)

3.5x10° F

3.0x10° |

1004 1005 1006 1007 1008 1009 1010 1011
B (G)



Li

Li
ECLD

671nm




Rb

Li

Sr

EDM

104-108

SrLi d=0.34D
Sr Li
ECLD

poster

1029-1031 e cm



