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Accuracy          realization of the standard                                                         

Stability            stability of the frequency: depends on        

of the oscillator  
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The measurement of time 

OSCILLATOR  COUNTER 



The measurement of time 

Reference  

(e.g. Atoms, ions) 

Oscillator (e.g. microwave, 

ultra stabilized laser) 
Counter  

(e.g. femto second comb) 

= Clock 



Clock: Historical View 



Atomic Clocks: Hot Atoms 

Dn.Dt = 1 

The definition of the second 

The second is the duration of  
9 192 631 770 periods of the 

radiation corresponding to the 

transition between the two 

hyperfine levels of the ground 

state of the 133Cs atom 

(13th CGPM, 1967)  
 



Laser cooling 
  
  The Nobel Prize 

in Physics 1997  
 "for development of 
methods to cool and trap 
atoms with laser light"  

S. Chu   C. Cohen -
Tannoudji   

W.D. Phillips   

w 0 

the system:  

the result:  



Laser cooling: Temperatures 
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=Minimum temperature for Doppler cooling: 

Examples: 

     TD        Tr 

Na  240 mK  2.4  mK 

Rb  120 mK  360 nK 

Cs  120 mK  200 nK 

Single photon recoil temperature: 

 

Atomic Temperature : kBT = Mv2
rms 



Atomic fountain clock 

NIST-F1 

Time up to 1s Time ~ 10ms 



Clock: Optical Clock 

Fractional frequency instability 

Cs hyperfine transition ~ 1010 Hz    (Fountain Clocks) 

Optical Transition ~ 1015 Hz             (Optical Clock) 

Natural frequency 

Line width 

Signal to noise ratio 

 Optical Clock is the way to go 



Schematic of an Optical Clock 



Optical clocks: Towards 10-18-10-19 

Å Narrow optical transitions  

 dno ¢ 1 Hz,  n0 ~ 1015 Hz 

   

Trapped ions:   Hg+, In+, Sr+, Yb+, Al+é 

(NPL, NRC, NIST, PTB, MPQ Innsbruck, CRL)  

Advantage: easy tight trapping, minimised perturbations 

Limitation: single or limited number of ions (Coulomb interaction)   

Stability achieved ~8³10-18 ( so far) 

 Cold neutral atoms:  H, Ca, Sr, Yb,é   

(MPQ, Hannover, PTB, NIST, JILA, SYRTE, 

 Tokyo, Kriss, NPL, UoB, HHUD, Florence, INRIM)                            
 

Advantage: high signal to noise with many atoms 

Requirement: magic optical lattice 

Stability achieved ~1.6x10-18  (so far) 

 

ÅNarrow optical 

 transitions 



Optical clocks: Towards 10-18-10-19 

Sr Optical Lattice Clock 

3x10-18 at about 10,000 s 

@JILA 

Nature 506, 72 (2014) 

Yb Optical Lattice Clock 

1.6x10-18 at 25,000 s 

@NIST 

arXiv:1305.5869v1 [physics.atom-ph] 24 

May 2013 



Optical clocks: Towards 10-18-10-19 

Å Direct optical-mwave connection by optical frequency comb 

Th. Udem et al., Nature 416 , 14 march 2002 

Self referenced optical frequency comb 

Probe laser 




