
Controlling Coupling to the E.M. Environment



Cavity QED with Electronic Circuits



Spontaneous Emission

Review: D. Kleppner and S. Haroche Physics Today Jan., 24 (1989)

e
g



Suppression and Enhancement of Emission

Review: D. Kleppner and S. Haroche Physics Today Jan., 24 (1989)



Free Atom

[D. Walls, G. Milburn, Quantum Optics (Springer-Verlag, Berlin, 1994)]

weak interaction with single photons:

• dipole moment d (usually small in atoms ~ ea0)

• single photon fields E0 (small in 3D)

• photon/atom interaction                            (usually small)



Cavity Quantum Electrodynamics 

D. Walls, G. Milburn, Quantum Optics (Spinger-Verlag, Berlin, 1994)

coupling single photons to single qubits:



Dressed States Energy Level Diagram

Atomic cavity quantum electrodynamics reviews:
J. Ye., H. J. Kimble, H. Katori, Science 320, 1734 (2008)

S. Haroche & J. Raimond, Exploring the Quantum, OUP Oxford (2006) 



Cavity Quantum Electrodynamics (QED)

superconductor circuits
Yale, Delft, NTT, ETHZ, NIST, …

alkali atoms
MPQ, Caltech, ...

Rydberg atoms
ENS, MPQ, ...

semiconductor quantum dots
Wurzburg, ETHZ, Stanford …



Review: J. M. Raimond, M. Brune, and S. Haroche
Rev. Mod. Phys. 73, 565 (2001)
P. Hyafil, ..., J. M. Raimond, and S. Haroche,
Phys. Rev. Lett. 93, 103001 (2004) 

Vacuum Rabi Oscillations with Rydberg Atoms



Circuit Quantum Electrodynamics

A. Blais et al., PRA 69, 062320 (2004)

elements
• the cavity: a superconducting 1D transmission line resonator 

with large vacuum field E0 and long photon life time 1/κ
• the artificial atom: a Cooper pair box 

with large dipole moment d and long coherence time 1/γ
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Qubit/Photon Coupling in a Circuit



Circuit QED with One Photon

A. Wallraff, …, R. J. Schoelkopf, Nature (London) 431, 162 (2004)



Resonant Vacuum Rabi Mode Splitting …

first demonstration: A. Wallraff, … and R. J. Schoelkopf, Nature (London) 431, 162 (2004)
this data: J. Fink et al., Nature (London) 454, 315 (2008)



Measurement Setup

microwave electronics 20 mK cryostat

cold stage

sample mount



How to Measure Single Microwave Photons



Qubit Read Out
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Non-Resonant (Dispersive) Interaction

A. Blais et al., PRA 69, 062320 (2004)
A. Wallraff et al., Nature (London) 431, 162 (2004)

D. I. Schuster et al., Phys. Rev. Lett. 94, 123062 (2005)
A. Fragner et al., Science 322, 1357 (2008)

qubit detuned by Δ
from resonaator

Lamb Shift
cavity frequency shift 
and qubit ac-Stark shift

approximate diagonalization:



Circuit QED – read out of qubit state

• transmission measurement to determine qubit state:

Phase sensitive measurement of 
transmitted microwave:

Voltage signal:



Circuit QED – read out of qubit state

• transmission measurement to determine qubit state:

qubit far from resonance (∆ar = |ωa - ωr| À g) – dispersive Hamiltonian:
[Blais et al., PRA 69 (2004)]

state-dependent frequency shift



Circuit QED – read out of qubit state

• transmission measurement to determine qubit state:

qubit far from resonance (∆ar = |ωa - ωr| À g) – dispersive Hamiltonian:
[Blais et al., PRA 69 (2004)]

state-dependent frequency shift



Circuit QED – read out of qubit state

• transmission measurement to determine qubit state:

qubit far from resonance (∆ar = |ωa - ωr| À g) – dispersive Hamiltonian:
[Blais et al., PRA 69 (2004)]

state-dependent frequency shift -> σz determined



Dispersive Shift of Resonance Frequency



CW Spectroscopy of Cooper Pair Box

D. I. Schuster et al., Phys. Rev. Lett. 94, 123062 (2005)

gate charge, 2 ng gate charge, 2 ng

drive qubit transition at frequency νs



Line Shape

[Abragam, Oxford University Press (1961)]

excited state population (steady-
state Bloch equations):
equilibrium between emission and 
absorption processes

2T2
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