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Sweden is a great country:
Even the grocery stores are quantum
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https://girvin.sites.yale.edu/lectures

Lecture notes on circuit QED (150 pages)
2011 Les Houches Summer School

Lecture series on quantum error correction and fault tolerance

arXiv:2111.08894: Introduction to Quantum Error Correction and Fault Tolerance
 

Videos of above lectures:  https://girvin.sites.yale.edu/lectures 

https://arxiv.org/abs/2111.08894
https://girvin.sites.yale.edu/lectures
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Lecture 1:  Introduction to Circuit QED

• ‘Blackbox’ Quantization (BBQ)
• Dispersive Coupling and Readout
• Strong Dispersive Limit
• Photon ‘Number Splitting ‘
• Photon Number Parity Measurement
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Sum over normal 
modes of cavity
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A simple approach to the Josephson Effect
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Josephson Normal Tunnel Junctions

Normal tunnel junction

Al Al

Al203-x
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Josephson Tunnel Junctions

Normal tunnel junction

Al Al

Al203-x

Superconducting tunnel junction

Unique ground 
state for N pairs
on an island

Total number  of Cooper pairs that have tunneled 

uniquely determines the non-degenerate low-energy

quantum state of a pair of islands.

m
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Josephson Tunnel Junctions

Exactly the same Hilbert space
(not necessarily the Hamiltonian) 
as a 1D tight-binding model 
(integer position m) 

Total number of Cooper pairs that have tunneled 

uniquely determines the low-energy quantum state
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Josephson Tunnel Junctions

Exactly the same Hilbert space
(not necessarily the Hamiltonian) 
as a 1D tight-binding model 
(integer position) 

Or: 
same Hilbert space as a quantum 
rotor (integer angular momentum)

Total number of Cooper pairs that have tunneled 

uniquely determines the low-energy quantum state
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Josephson Tunnel Junction as a capacitor
(N.B. ignoring offset charge, see J. Martinis lecture 1 

and my Les Houches notes)

Superconducting tunnel junction

Unique ground 
state for N pairs
on an island

Quantum Rotor

Charging energy looks like rotor K.E.

Total number of Cooper pairs that have tunneled 

uniquely determines the low-energy quantum state

of a pair of islands.
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Cooper Pair Tunneling (Josephson Effect)

Superconducting tunnel junction

Unique ground 
state for N pairs
on an island

Quantum Rotor

‘gravity’

Total number of Cooper pairs that have tunneled 

uniquely determines the low-energy quantum state

of a pair of islands.
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ˆ (2 )Q e m
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Josephson
junction

g  100 MHzHuge dipole moment: strong coupling

bit flip

rmsd E
g

h




  72 1 mm 10 Debye!!d e  
 †

dipole ( )xV g a a 

ZPF 1
~ ~ 1 3

2 16e

Q






22



23



24

Black-Box Quantization (SC qubits coupled to resonators)

Phys. Rev. Lett. 108, 240502 (2012) 
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Sum on cavity and transmon modes.

(RWA)



Remarkable Progress in Coherence

Progress = 10 x every 3 years!
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Lecture 1:  Introduction to Circuit QED

• ‘Blackbox’ Quantization (BBQ)
• Dispersive Coupling and Readout
• Strong Dispersive Limit
• Photon ‘Number Splitting ‘
• Photon Number Parity Measurement



Qubit-Cavity cross-Kerr for two lowest levels of dressed transmon. 

‘Dispersive’ coupling

Can read out qubit state by measuring cavity resonance frequency
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Can read out qubit state by measuring cavity resonance frequency
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Y

State of qubit is entangled with the ‘meter’ (microwave phase)
Then ‘meter’ is read with amplifier.

cavity circulator quantum limited amplifier
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Quantum Jumps of a 3D Transmon Qubit

0

5

-5

0 50 100 150Time (ms)

Results from Devoret group, Yale:  Hatridge et al., Science 2013*

dispersive circuit QED readout + JJ paramp

Readout fidelity > 99.5%  in ~ 300 nsec

Many groups now working with JJ paramps & feedback, including: 
Berkeley, Delft, JILA, ENS/Paris, IBM, Wisc., Saclay, UCSB, …

*First jumps: R. Vijay et al., 2011 (Berkeley)
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Lecture 1:  Introduction to Circuit QED

• ‘Blackbox’ Quantization (BBQ)
• Dispersive Coupling and Readout
• Strong Dispersive Limit
• Photon ‘Number Splitting ‘
• Photon Number Parity Measurement



cQED ‘phase diagram’
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Cavity-qubit detuning
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Strong Dispersive Hamiltonian

resonator qubit dispersive
coupling

‘strong-dispersive’ limit
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Using strong-dispersive coupling to measure the 
photon number distribution in a cavity

Strong Dispersive Hamiltonian

resonator qubit dispersive
coupling

Reinterpretation of same Hamiltonian:
Quantized Light Shift of Qubit Transition Frequency
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Coherent state is closest thing to a classical
sinusoidal RF signal

0( ) ( )     



…

2c

- quantized light shift of qubit frequency
           (coherent microwave state)

N.B. power broadened
100X
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Microwaves are particles!

…

2c

- quantized light shift of qubit frequency
           (coherent microwave state)

N.B. power broadened
100X
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…

2c

- quantized light shift of qubit frequency
           (coherent microwave state)

N.B. power broadened
100X

New low-noise way to do axion dark matter detection by QND photon counting
Zheng et al. arXiv:1607.02529         A. Chou: PRL 126, 141302 (2021)
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http://arxiv.org/abs/1607.02529
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Summary:  Introduction to Circuit QED

• ‘Blackbox’ Quantization (BBQ)
• Dispersive Coupling and Readout
• Strong Dispersive Limit
• Photon ‘Number Splitting ‘



Photon number parity
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Remarkably easy to measure using
our quantum engineering toolbox

and

Measurement is 99.8% QND
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- use quantized light shift of qubit frequency

Measuring Photon Number Parity
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P
arity

4000 300200100

45Nature 511, 444 (2014) 400 consecutive parity measurements  (99.8% QND) 
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