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Introduction 

External degrees of freedom  
 non-classical many particle states   

Internal degrees of freedom  
 non-linear matterwave interferometry 

Generation of twin-atom fields 
squeezing with spin changing collisions 

Nature  464, 1165 (2010) 

Nature  455, 1216 (2008) 

Nature  480, 219 (2011) 
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introduction 

p(x) ~ I(x) 



introduction 
M R Andrews et al. Science 1997;275:637-641 

 
does reveal coherence within each cloud 
 

coherence between the clouds is confirmed,  
if ensemble average reveals interference 



single versus many particles introduction 
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single versus many particles introduction 
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optimal squeezing introduction 
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final state:  final state:  

theory: Kitagawa & Ueda, PRA 47, 5138 (1993) 
              Wineland et al., PRA 50, 67 (1994)  
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Rubidium BEC 
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dark solitons 

imaging 

Iin 

Iout 

state-of-the-art absorption imaging 



dark solitons 

imaging 

230 atoms 

-6 atoms standard deviation 6 atoms 

state-of-the-art absorption imaging 



Lipkin-Meshkov-Glick Hamiltonian 
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coherence double well  
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semi-classical picture coherence properties of many particle state  

)()(
4

2 abbaKbbaa
E

H c

interaction tunneling 

ai
a ena

NKEwith

Enn
E

H

J

baJba
c )cos()(
4

2

meanfield 

ba



What can be measured ? 
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in situ image 

5µm 



~40nm / 8 hours 
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conjugate variable   coherence 
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Over 1000  
measurements 

external atomic coherent spin states 
Nature  455, 1216 (2008) 
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F=1 

F=2 

Josephson physics internal system 
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Charging energy: Ec  
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M. Kitagawa, M. Ueda PRA 47, 5138 (1993) 
Sorensen, et al. Nature 409, 63 (2001) 
 

internal one axis twisting 



rotation angle 

B< 100µG @ 50 Hz 

internal one axis twisting 



  inferred  spin  
squeezing:    

vapor  cells:    Hald  et  al.,  PRL  83,  1319  (1999)  
                                            Kuzmich  et  al.,  PRL  85,  1594  (2000)  
cold  atoms:    Appel  et  al.,  PNAS  106,  10960  (2009)  

  
Cold  thermal  atoms  +  cavity:  Leroux  et  al.,  PRL  104  073602  (2010)  
BEC  on  atomchip:  Munich,  Philipp  Treutlein  group  Nature    464,  1170  (2010)  
  

statistics  

internal one axis twisting 
Nature  464, 1165 (2010) 

See also BEC on atomchip: Munich/Basel  Nature  464, 1170 (2010) 



      Possible  entanglement  witness:   implies  entanglement  
Sørensen  et  al.,  Nature  409,  63  (2001)  

      Depth  of  entanglement:  

block  size  of  the  largest  non-‐separable  part:  m    
Sørensen  &  Mølmer,  PRL  86,  4431  (2001)  

      Many  body  entanglement:  

non-‐separable!  

internal entanglement 
Nature  464, 1165 (2010) 
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internal Ramsey interferometer 
Nature 464, 1165 (2010) 



Latest squeezing - use unstable fixpoint 

postselected: 340 ± 10 atoms 

dBS 62

Not yet published 



Quantum optics paradigme system latest 

P ~ 2E2 

P ~ 2E2 
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Spin changing collisions 
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two mode squeezed vacuum 

atomic pairs: Paliseau, Vienna, Hannover, Georgia Tech, ... 
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classical mixing pulse 
homodyning technique 
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phase sum defined single phase not defined 
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twin atom field 



conclusion 

Synthetic Quantum Systems Heidelberg                                            www.matterwave.de 

Nonlinear interferometry 

Nature  464, 1165 (2010) 

Nature  455, 1216 (2008) 

External squeezing 

Two mode squeezing 

Nature  480, 219 (2011) 


