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Ion Paul traps

• A charge acted on by electrostatic forces can not 

rest in a stable equilibrium in an electric field.

• Φ= Φ0+(V0/2r0
2 ) cos(ωt)(x2-y2)



Ion Paul traps

40Ca+ ions

• Analogy : harmonic oscillator potential and equally 

spaced energy levels.



Laser cooling

F scatt = (photon momentum) x (scattering rate)
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Laser cooling

F scatt = (photon momentum) x (scattering rate)



Single Qubit 

• The ion’s ground state 

g and excited state e, 

S1/2 – D5/2 interacts with

radiation characterized 

by the Rabi frequency Ω.

•Coupling of spin and 

motional degrees of 

freedom (e.g. |g,n>  ->  

|e,n+∆n>    [∆n=±1,0])



Qubit state measurement

Qubit state of an ion can be detected by fluorescence

measurement from an auxiliary state S1/2-P3/2



Two Qubit Gates: 

Various ways to entangle

• Cirac-Zoller gate

– Entanglement of two qubits via sting mode

• Phase gate

– State dependant phase switching

• Mølmer–Sørensen gate

– Entangling with simultaneous irradiation



Cirac-Zoller Gate

• R∆n(θ,φ)= 

cos(θ/2)|g,n> + 

ieiφsin(θ/2)|e,n+∆n> 

• R∆n(θ,φ)= 

ie-iφsin(θ/2) |g,n> + 

cos(θ/2) |e,n+∆n> 



Implementation in 40Ca+

• Implemented in S1/2 ground state and 

metastable D5/2 state (lifetime t < 1 s)



Mølmer–Sørensen Gate

• Entanglement 

mediated through the 

vommon vibrational 

mode

• Simultaneous spin 

flips

• Yields fidelity 

F=99.2(1)%



Conclusions

• Fidelity Threshold: two qubit gates

– Cirac-Zoller, Mølmer–Sørensen.

• Trapped Ions are the most promising 

candidate for error correction.


