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CIRCUIT QED 

QED: Quantum Electrodynamics  interaction between 

light and matter (atom) 

Cavity QED 

 precise control 

over quantum 

system 



CIRCUIT QED 

Mode of the field 

“Light”: Transmission line of 

coplanar wave-guide 

Artificial atom: 

Cooper-pair box, 

Josephson junction 



Quantization of electromagnetic field 

Basic steps:  

 

- Finding the canonical conjugate variables q,p 

satisfying the PB relation 

- Writing the Hamiltonian in quadratic form of q 

and plike harmonic oscillator 

- Introducing the creation and annihilation 

operatorsrewriting the field and Hamiltonian  
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Quantization of tranmission line 
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Quantization of tranmission line 
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Quantization of tranmission line 
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Superconductor 

Fermionic electrons 

Bosonic electron 

pairsCooper pairs 

 Pψ =ψexp iP.r /

Condensate wave function 



Josephson Junction 

 Pψ =ψexp iP.r /
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Cooper pair box 
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Cooper pair box 

EJ=0 
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Cooper pair box 
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Cooper pair box 
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Resonator + Cooper pair box 
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Resonator + Cooper pair box 

Diagonalize  new basis   , 
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Resonator + Cooper pair box 
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Tunable Joseph-son junction 
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Resonator + Cooper pair box 

 † †
Q R r z

1
H a a g a a

2 2


    


 

     
 

r

,n 1 , ,n
r

( n 1 / 2 ) g n 1

g n 1 ( n 1 / 2 )



  

  
  

   

1
n

1 2g n 1
tan

2




  
  

 

 

 

 

1
0,n 0, ,0 ,1 ,0

2

1
,0 ,0 ,0

2

1
,1 ,0 ,0

2

       

    

    

     iE t iE t i i2gt1 1 1
,1 ,0 ,0 e ,0 e ,0 e ,0 e ,0

2 2 2

               

,1 ,0 ,1     Rabi

g
2gt 2 t f

g





    



Measurement 

Expected measurement for zero detuning 

and n=1 
Measurement in the dispersive regime 

2 2
† †

r z z

g g
UHU a a

2
   

 

   
      

      

g / 1



Decoherence 
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Coupling of the resonator, atom to the 

environment (bath) 



Decoherence 
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Stationary states 

How can we know it was in the superposition state? 
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Quantum information 

Suppose Alice want to send Bob information by using two level 

system statesBob can know by measure it in the right basis 

Superposition states 

Other bases: Bob 

cannot know 

which state Alice 

sent 

Correlated measurements 

Two level system 
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Mixed state 

All uncorrelated measurementsBob 

cannot know the information in any 

basis even if Alice tells him which 

basis she used 

Mixed states: cannot 

write in a superposition 

form, or single wave 

vector 

Pure states 



Entanglement 

Combined two-

level systems 

quantum states 

Suppose Xavier prepare the above quantum states. Alice and Bob 

want to know what it is by measure each component separatedly. 

There is one basis 

in which 

measurements of 

Bob and Alice are 

correlated 
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Entanglement 

Entanglement states 

There are three bases in 

which measurements of 

Bob and Alice are 

correlated 



Decoherence 

Decoherence 

Decaying (relaxation), 

relaxation lifetime T1 

Dephasing, dephasing 

lifetime T2 

2 1T 2T



Decaying 

Losing energy to the environment 

Probability finding the 

system in excited state 
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Dephasing 

Random phase kick 

from environment 
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Treatment of decoherence 

Density matrix 
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Treatment of decoherence 

Oscillation (inteference) term coming from the off-diagonal elements 

coherent superpostion 
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Master equation 

Schrodinger equation 

Liouville equation 



Master equation 

Interaction picture 

Liouville equation 



Master equation 
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Master equation 
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Master equation 
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Master equation 
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