
typical I-V curve of underdamped Josephson 
junctions:

band diagram



:
bias current dependence

:

damping dependent prefactor

:

calculated using WKB method ( )

:

neglecting non-linearity

Quantum Mechanics of a Macroscopic Variable: The Phase Difference of a Josephson Junction
JOHN CLARKE, ANDREW N. CLELAND, MICHEL H. DEVORET, DANIEL ESTEVE, and JOHN M. MARTINIS
Science 26 February 1988 239: 992-997 [DOI: 10.1126/science.239.4843.992] (in Articles) Abstract » References » PDF »

Macroscopic quantum effects in the current-biased Josephson junction 
M. H. Devoret, D. Esteve, C. Urbina, J. Martinis, A. Cleland, J. Clarke
in Quantum tunneling in condensed media, North-Holland (1992)

Early Results (1980’s)

J. Clarke, J. Martinis, M. Devoret et al., Science 239, 992 (1988).

A.J. Leggett et al., 

Prog. Theor. Phys. Suppl. 69, 80 (1980), 

Phys. Scr. T102, 69 (2002).



The Current Biased Phase Qubit
operating a current biased Josephson junction as a superconducting qubit:

initialization:

wait for |1> to decay to |0>, e.g. by 
spontaneous emission at rate γ10

Read-Out Ideas
measuring the state of a current biased phase qubit

pump and probe pulses:

- prepare state |1> (pump)

- drive ω21 transition (probe)

- observe tunneling out of |2>

|1>
|2>

|o> |o>
|1>

tipping pulse:

- prepare state |1>

- apply current pulse to suppress U0

- observe tunneling out of |1>

|1>
|2>

|o>

tunneling:

- prepare state |1> (pump)

- wait (Γ1 ~ 103 Γ0)

- detect voltage

- |1> = voltage, |0> = no voltage



Bouchiat et al. Physica Scripta 176, 165 (1998)

Josephson energy:

Charging energy:

Gate charge:

A Charge Qubit: The Cooper Pair Box



 of Cooper pair box Hamiltonian:

with

Equivalent solution to the Hamiltonian can be found in both representations, e.g. by 
numerically solving the Schrödinger equation for the charge ( )representation or 
analytically solving the Schrödinger equation for the phase ( ) representation.

solutions for :

• crossing points are
charge degeneracy points

energy level diagram  for EJ=0:

• energy bands are formed

• bands are periodic in Ng

energy bands for finite EJ

• Josephson coupling lifts 
degeneracy 

• EJ scales level separation at 
charge degeneracy

Energy Levels



Charge and Phase Wave Functions (Ej << Ec)

courtesy Saclay

Charge and Phase Wave Functions (Ej ~ Ec)

courtesy Saclay



Tuning the Josephson Energy

split Cooper pair box in perpendicular field

SQUID modulation of Josephson energy

J. Clarke, Proc. IEEE 77, 1208 (1989)

consider two state approximation

Two State Approximation

Shnirman et al. Phys. Rev. Lett. 79, 2371 (1997)



Cavity QED with Electronic Circuits

Cavity Quantum Electrodynamics 

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



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

Vacuum Rabi Mode Splitting with Alkali Atoms

R. J. Thompson, G. Rempe, & H. J. Kimble, 

Phys. Rev. Lett. 68 1132 (1992)

A. Boca, ... , J. McKeever, & H. J. Kimble

Phys. Rev. Lett. 93, 233603 (2004)



Cavity QED with Superconducting Circuits

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

A. Wallraff et al., Nature (London) 431, 162 (2004)

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 EJ/EC

with large dipole moment d and long coherence time 1/γ



Vacuum Field in 1D Cavity 

+ + --

E B

1 mm

Resonator Quality Factor and Photon Lifetime



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)

How to Measure Single Microwave Photons



Measurement Setup

microwave electronics 20 mK cryostat

cold stage

sample mount


