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Outline 

• Ramsey Spectroscopy and atomic clocks one 
atom at a time 

• Ramsey spectroscopy with entangled atoms 

• Ramsey spectroscopy with N atoms using atomic 
parity measurements 

• Photonic interferometry using photon number 
parity 

• Atomic clock based on atomic parity 
measurements 

• How to do the measurements 

 

 

 



Standard quantum limit 

Shot-noise limit 

Noise Reduction in Phase Shift 

Measurements: 

Heisenberg limit 

Greatest sensitivity allowed by QM for 

linear phase shifts. 
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Ramsey method of separated fields 
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Ramsey spectroscopy with “two-

level” atoms or trapped ions: 
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Bloch sphere picture of 

Ramsey spectroscopy 

Measure probablity of finding atom in the excited state: eP e e



Ramsey pulse of frequency 
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Free evolution in frame rotating at     gives, 

after time T, 
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Second     Ramsey pulse:  
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Ramsey Fringes   
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Detection is by Dehmelt’s electron shelving 

technique: 



Cesium beam atomic clock 



Atomic clock definition of the second: 

    9192 631 770 periods of the radiation 

for the hyperfine transition:   

133Cs:  3, 0 4, 0.F M F M    



 
To further improve atomic clocks 

for greater precision and greater 

stability, need to make the Ramsey 

fringes narrower.  

 

One approach: Increase the free 

evolution time T. 

 
  



Atomic Fountain clock: increases T 
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The Entanglement Advantage :  

Two entangled ions 

Implement a C-Not gate to disentangle: 

Free evolution for time :T
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Heisenberg-limited 
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For maximally entangled state of N ions (J. 

Steinbach and C.C. Gerry, Phys. Rev. Lett. 

81, 5528 (1998)).  

 

Improvement by a factor            over 

shot-noise limit. 
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Alternative Approach (Bollinger et al. PRA 54 

(1996)): 
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 ˆ 1 eN
  

   0
ˆ 1 cos

N
N T      

   1 cos
N

N T  

Measure parity operator: 

eN           is the number of atoms detected in their excited states 

total number of ions in the ensembleN 

Heisenberg limited:  
0
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Dicke States 
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Atomic Coherent States 
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Initial State: , ,all atoms in their ground states.J J
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Suppose we prepare the state 

1
, ,
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Creation of this state replaces the first Ramsey pulse.

Final state is then 
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Collective atomic, or SU(2), parity 

operator 
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No classical analog!



Definition of photon number parity 

Photon number operator:  

 

 

 

Parity Operator:  
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No classical analog!



Interferometry with a N00N state? 

ˆ measurement
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Super-resolved interference fringes 
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Interferometry with coherent light   
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Coherent light interferometry and parity 

measurements  

 

Dowling and collaborators  



Photon number parity approach to 

interferometry with coherent light 
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Super-resolved:



Experiment: L. Cohen et al. Opt. Exp. 22, 011945 

(2014) 



From L. Cohen et al. Opt. Exp. 22, 011945 (2014) 



For the initial state  

 0
ˆ cosN T     

Central Fringes 
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There is no entanglement involved! 



Central Fringes 

For the maximally entangled state: 
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Entangled state. 
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Alternative: Prob. of detecting  ,J J
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