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Josephson Tunneling

• The physics of  “Josephson junctions” began with a small paper, essentially 
Brian Josephson’s MA thesis, Physics Letters (1962)

• He was trying to answer the question, 

“What is the physical significance of broken symmetry in superconductors?”

Discovered ‘The Josephson Effects’ resulting from coherent tunneling of 
Cooper pairs

Shared 1973 Nobel Prize (1/2) with Leo Esaki (1/4) and Ivar Giaever (1/4), 
one year after Nobel Prize awarded to Bardeen, Cooper and Schrieffer for 
BCS theory of superconductivity 

•  Enables metrology to one part in 1019....perhaps the best test ever of the 
accuracy of quantum mechanics! 

“The Noble Laureate Versus the Graduate Student”
Donald McDonald, Physics Today, June 2001
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Josephson junctions, quantum fluctuations 
and quantum coherence

• 1960-80’s - RCSJ model, “classical non-linear dynamics”

• mid-80’s   - Tony Leggett, Macroscopic Quantum Tunneling (MQT) of  
                                 the phase across a Josephson junction

• mid-late 80’s - MQT observed by Martinis, Devoret, Esteve and Clarke

• late 80’s - Likharev,  Averin and Zorin ‘Bloch Oscillations (small junctions)’

• 1990 - Devoret, Girvin, ‘P(E) theory’:  write Hamiltonian for whole circuit 
including bias.

• 1993 - The Cooper-pair box, Lafarge, Joyez, Esteve, Urbina and Devoret

•1999 - Nakamura et al.  Coherent charge oscillations of a Cooper-pair 

                                  box (first solid-state qubit)

• 2004-now  - Circuit-QED, the `transmon’, improved phase, flux qubits, quantum 
optics using microwaves, quantum phase-slips, …



Macroscopic Quantum Tunneling  of the phase (MQT) 
current-biased Josephson junction

equation of motion (RCSJ model)
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Macroscopic Quantum Tunneling of the phase (MQT) 
in the current-biased Josephson junction

equation of motion (RCSJ model)
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Macroscopic Quantum Tunneling (MQT) and Energy Level Quantization
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atoms solid state devices

isolated “quantum”
electronic levels in the solid state
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｜〉e
ΔE~1eV


d~0.1-1 nm

kBT

ΔE~50 meV


d~3 nm

P donor e- 
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GaAs or Si
quantum dots

ΔE~ meV


d~50 nm
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piece of Al
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ΔE~200 μeV


d~arbitrary

N ~ few N ~ 109



Quantum Physics with Electrical Circuits 

Further reading

“Superconducting quantum bits”
by John Clarke and Frank Wilhelm

Nature 453, 1031 (2008)

“Superconducting circuits 
and quantum information”

by J. Q. You and Franco Nori
Physics Today, November 2007

“Quantum fluctuations in electical circuits”
Michel Devoret

Les Houches ’95 (1997)

“Wiring up quantum systems”
R. J. Schoelkopf and S. M. Girvin

Nature 451, 664 (2008)

Quantum Engineering:  Theory and Design of 
Quantum Coherent Structures

by A. M. Zagoskin, Cambridge Univ. Press (2011)



The harmonic oscillator (classical)

e.g. mass on a spring

Hamiltonian  (K.E. + P.E.)
x

x +ω 0
2x = 0

x + k
m x = 0

linear restoring force F = −kx

equation of motion

True also with “linear” dissipation, i.e.

H = p2

2m
+ kx

2

2

or

solutions

A linear system - the sum of any two solutions is 
also a solution

or x(t) = C cos(ω 0t +φ0 )
x(t) = Acos(ω 0t)+ Bsin(ω 0t) two linearly 

independent 
solution’s

x − γ x +ω 0
2x = 0 x(t) = Ae−γ t cos(ω 0t)+ Be

−γ t sin(ω 0t)

quadratic K.E. and P.E.



LC-circuit harmonic oscillator (classical)

Hamiltonian  (K.E. + P.E.)

Can choose which one to be  “potential energy”
and which to be “kinetic energy”

C
L

+q
-q

charge q

flux 𝚽

Electrical Mechanical

charge q momentum  p  

voltage  V=q/C velocity  v=p/M

capacitance  C mass M

flux  𝚽 coordinate  x

inverse inductance  L-1 spring constant  k

LC-circuit mass on spring

analogy between mechanical and electrical systems

H = q2

2C + Φ2

2L

K.E. P.E. 

Equivalent to 
mass on a spring

H = p2

2m
+ kx

2

2

ω = 1/ LC

recall...
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Quantizing the LC oscillator

LC oscillator

(using charges and fluxes) 

H = T + V =
Q2

2C
+

�2

2L

normalized variables: 

elementary charge e

flux quanta �0
�0 �

h

2e

Q = 2en,� = �0�

[n, �] = iquantization   ⇒   operators

H = ECn2 + EL�2 = �⇥a†a + 1/2

EC =
(2e)2

2C
EL =

�2
0

2L
�� =

�
2ECEL

� = 1/
�

LC



• Linearity --- a special property of quadratic Hamiltonians...e.g. 
the “ideal” harmonic oscillator

• Quantum levels are equidistant

• Response to perturbation is linear
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• Linearity --- a special property of quadratic Hamiltonians...e.g. 
the “ideal” harmonic oscillator

• Quantum levels are equidistant

• Response to perturbation is linear

• real springs harden or soften with stretching

• equivalently, inductors and capacitors can depend on voltage 
and current and frequency

• atomic systems (and quantum dots) have strong confinement 
potentials

What about “real’ systems?         Many are “non-linear”



Non-linear (non-quadratic) Hamiltonian systems

Classical mechanics ➝ nonlinear dynamical systems
Quantum mechanics (time-independent) ➝ non-equidistant levels

• Without non-linearities Quantum Mechanics would be quite 
trivial, nearly irrelevant, and even boring....



Non-linear (non-quadratic) Hamiltonian systems

Classical mechanics ➝ nonlinear dynamical systems
Quantum mechanics (time-independent) ➝ non-equidistant levels

• Without non-linearities Quantum Mechanics would be quite 
trivial, nearly irrelevant, and even boring....

• transistors and other semiconductor devices
• vacuum tubes
• iron core inductors
• transformers when operated above their saturation current

Non-linearity in electrical circuits

All come  with substantial dissipation

http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Vacuum_tube
http://en.wikipedia.org/wiki/Inductor
http://en.wikipedia.org/wiki/Transformer
http://en.wikipedia.org/wiki/Magnetic_saturation


Non-linear (non-quadratic) Hamiltonian systems

Classical mechanics ➝ nonlinear dynamical systems
Quantum mechanics (time-independent) ➝ non-equidistant levels

• Without non-linearities Quantum Mechanics would be quite 
trivial, nearly irrelevant, and even boring....

• transistors and other semiconductor devices
• vacuum tubes
• iron core inductors
• transformers when operated above their saturation current

Non-linearity in electrical circuits

All come  with substantial dissipation

The Josephson junction is a non-linear circuit 
element with (practically) zero dissipation!

http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Vacuum_tube
http://en.wikipedia.org/wiki/Inductor
http://en.wikipedia.org/wiki/Transformer
http://en.wikipedia.org/wiki/Magnetic_saturation


The Josephson junction

H = ECn2 + EJ cos �
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non-linear inductor when 
embedded in a circuit such that 
quantum fluctuations of φ are small            

EC ≪ EJ

For  EC ≫ EJ    ⟹  single charge devices

But important to consider both 
geometry and energy scales



Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled

http://www.physicstoday.org November 2005    Physics Today 43

Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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 quantum experiments with Josephson-junction devices

1 K = 20.8 GHz = 86.2 μeV 
      = 14.3 mm  free space em wavelength
      = 0.93 fF    single electron charge 
      = 740 mT   free electron spin

some important numerical factors:

• available sub-micron fabrication of Al down to ~10 nm scale using EBL 
provides electronic energy scales up to ~ 100  μeV (1K)

• electrical control and readout with above 50 GHz becomes difficult and 
expensive

To reach quantum ground state one needs to cool to milli-K  
or use active cooling methods



The Dilution Refrigeration

• Liquid He bath or pulse tube cooling 
to ~3-4.2K
 
• 3He/4He dilution stage cooling to mK 
temperatures only possible due to 
quantum statistics 
( finite concentration of 3He in 4He at T=0 a 
property of this  “quantum liquid”)

• Alternative: adiabatic demagnetization

see Experimental Principles and Methods Below 1 
K, by O. V. Lounasmaa



Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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Josephson junctions—superconducting grains or elec-
trodes separated by an insulating oxide—act like nonlinear
inductors in a circuit. The nonlinearity ensures an unequal
spacing between energy levels, so that the lowest levels can
be addressed using external fields. Two important energy
scales determine the quantum mechanical behavior of a
Josephson-junction circuit: the Josephson coupling energy
EJ and the electrostatic Coulomb energy EC for a single
Cooper pair. EJ ⊂ IcF0/2p, where Ic denotes the critical cur-
rent of the junction and F0 ⊂ h/2e is the magnetic-flux quan-
tum. The charging energy EC ⊂ (2e)2/2C for a Cooper pair,
where C is either the capacitance of a Josephson junction or
an island, depending on the circuit. In analogy to the usual
position–momentum duality in quantum mechanics, the
phase v of the Cooper-pair wavefunction and the number n

of Cooper pairs are conjugate variables and obey the Heisen-
berg uncertainty relation Dn Dv " 1. 

Box 1 summarizes the four kinds of superconducting
qubits realized in different regimes of EJ/EC. The charge
qubit is in the charge regime EC ≫ EJ, where the number
n of Cooper pairs is well defined and the phase v fluctu-
ates strongly. The so-called flux and phase qubits are both
in the phase regime EC ≪ EJ, in which the phase v is well
defined and n fluctuates strongly. And the charge–flux
qubit lies in the intermediate regime EC % EJ, in which
charge and phase degrees of freedom play equally impor-
tant roles.

Charge and charge–flux qubits
The charge qubit is based on a small superconducting is-
land known as a Cooper-pair box (CPB), which is coupled
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Figure 1. Superconducting qubit circuits and
their potential energy diagrams. 
(a) A Cooper-pair box (CPB; blue) is driven by 
an applied voltage Vg (yellow) through the gate
capacitance Cg to induce an offset charge
2e ng ⊂ Cg Vg. A Josephson junction, the barrier
denoted by the ×, connects the box to a wire
lead. Each junction has a capacitance and a
Josephson coupling energy EJ. The electrostatic
energy of the CPB, EC(n ⊗ ng)2, where
EC ⊂ (2e)2/2C, is plotted as a function of the num-
ber n of excess electron pairs. The lowest energy
states, +0¬ and +1¬ (in red), are degenerate when
ng ⊂ 0.5, and are used as the qubit state basis.
Those states are coupled via the junction energy
EJ, which controls the tunneling between them.
(b) A magnetic-flux “box” (blue) is the magnetic
analogue of the electrostatic CPB. A magnetic
bias simply replaces the electric bias: A current-
driven magnetic field pierces the box with a
strength given by a mutual inductance M.
Whereas an electric field prompts stored elec-
tron pairs to tunnel into or out of the CPB, a
magnetic field pushes magnetic flux quanta F0
into or out of the superconducting quantum
interference device (SQUID) loop. The adjacent
potential energy diagram plots a Josephson 
energy term (proportional to cos v) and an induc-
tive energy term—proportional to (v ⊗ vext)2/2L,
where L is the SQUID’s inductance—as a func-
tion of the phase v of the junction. The lowest
energy states (red) are superpositions of the
clockwise and counterclockwise supercurrent
states +A¬ and +R¬ that flow in the SQUID loop; 
D here is the tunneling energy between the
supercurrent states. Those energy states are
degenerate when the externally applied 
magnetic flux vext equals p.
(c) A three-junction flux qubit works like a mag-
netic flux box, except that one of the junctions
has a slightly different capacitance and coupling
energy. The contour plot shows the potential
energy as a function of two junctions’ phases.
The two red dots inside the potential wells corre-
spond to the qubit basis states +A¬ and +R¬.
(d) A current source biases the junction in a
phase qubit. Logic operations can be achieved
by driving the qubit with a microwave field at
frequency (E1 ⊗ E0)/h. Pulsing the qubit with a
microwave field at a frequency (E2 ⊗ E1)/h pro-
duces a transition from +1¬ to +2¬. One can then
read the qubit’s state by measuring the occupa-
tion probability of state +2¬.
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The single-electron transistor
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Cooper-pair tunneling EJ removes 
charge degeneracy


Steps now broadened by 
quantum fluctuations (i.e. 
quantum superpositions)  of 
charge
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Cooper-pair box with RF-SET electrometer
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Energy level spectroscopy of the 
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Coherent charge oscillations 
measured using the rf-SET

T. Duty, D. Gunnarsson, K. Bladh and P. Delsing, PRB (2004)

T2 longest at charge degeneracy          
T1~10ns, but very high fidelity



Cooper-pair boxes for increasing EJ/EC 

For EJ ≫ EC , insensitive to low-frequency gate charge noise,
but still have strong coupling to nearly resonant charge modulation

a.c. dipole moment ≠ d.c. dipole moment!

“transmon”



A circuit implementation of cavity QED 
transmission line cavity + Cooper-pair box

theory:            Blais et al. Phys. Rev. A (2004)
experiment:     Wallraff et al., Nature (2004)

L = λ ~ 2.5 cm 
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out 

Cooper-pair box “atom” 

Text

two level system coupled to microwave photons



Cavity QED: Resonant Case 

vacuum 

Rabi 

oscillations 

“dressed state ladders” 
(e.g. Haroche et al.,  

Les Houches notes) 

# of 

photons 

qubit state 

Cavity QED: two-level atom plus photon

off-resonant

2g = vacuum Rabi freq. 

κ = cavity decay rate 

γ = “transverse” decay rate 



First observation of vacuum 
Rabi splitting for a single 

‘real’ atom

Cs atoms in an optical cavity

Tr
an

sm
is

si
on

Thompson, Rempse & Kimble 1992

First Yale charge qubit in resonator
Wallraff et al. 2004

Optimized 
transmon

Bishop et al. 2008

From c-QED to circuit-QED

large effective dipole moment
d ~ [e ⋅μm ]~ 2⋅104 a0



Observation of High Coherence in Josephson Junction Qubits Measured
in a Three-Dimensional Circuit QED Architecture

Hanhee Paik,1 D. I. Schuster,1,2 Lev S. Bishop,1,3 G. Kirchmair,1 G. Catelani,1 A. P. Sears,1 B. R. Johnson,1,4 M. J. Reagor,1

L. Frunzio,1 L. I. Glazman,1 S.M. Girvin,1 M.H. Devoret,1 and R. J. Schoelkopf1

1Department of Physics and Applied Physics, Yale University, New Haven, Connecticut 06520, USA
2Department of Physics and James Franck Institute, University of Chicago, Chicago, Illinois 60637, USA

3Joint Quantum Institute and Condensed Matter Theory Center, Department of Physics,
University of Maryland, College Park, Maryland 20742, USA

4Raytheon BBN Technologies, Cambridge, Massachusetts 02138, USA
(Received 3 July 2011; revised manuscript received 15 September 2011; published 5 December 2011)

Superconducting quantum circuits based on Josephson junctions have made rapid progress in demon-

strating quantum behavior and scalability. However, the future prospects ultimately depend upon the

intrinsic coherence of Josephson junctions, and whether superconducting qubits can be adequately

isolated from their environment. We introduce a new architecture for superconducting quantum circuits

employing a three-dimensional resonator that suppresses qubit decoherence while maintaining sufficient

coupling to the control signal. With the new architecture, we demonstrate that Josephson junction qubits

are highly coherent, with T2 ! 10 to 20 !s without the use of spin echo, and highly stable, showing no

evidence for 1=f critical current noise. These results suggest that the overall quality of Josephson

junctions in these qubits will allow error rates of a few 10"4, approaching the error correction threshold.

DOI: 10.1103/PhysRevLett.107.240501 PACS numbers: 03.67.Lx, 42.50.Pq, 85.25."j

Superconducting circuits are a promising technology for
quantum information processing with solid-state devices.
Several different types of qubits [1,2] have been developed,
which all rely on the nonlinearity of one or more Josephson
junctions. Ideally, the Josephson junctions should be dis-
sipationless and highly stable to avoid decoherence, while
providing the crucial anharmonicity that allows individual
energy levels to be separately addressed. In the past de-
cade, the coherence time of superconducting qubits has
increased from initially only a few nanoseconds to typi-
cally about a microsecond today. This has permitted ex-
periments where two or three qubits are controlled,
entangled [3–6], and used to demonstrate simple algo-
rithms [7]. However, scaling more than three qubits with
an acceptable level of fidelity and coherence will require
higher coherence times than the current state of art. Two
major outstanding questions are whether superconducting
qubit coherence can improve further and whether there
are fundamental limits on coherence imposed by the
Josephson junctions.

The coherence can either be limited by possible imper-
fections in the Josephson junctions or by unintended inter-
actions with the environment. Even if the junctions were
perfectly coherent, achieving a long coherence time also
requires understanding and controlling the Hamiltonian
such that the terms coupling the qubit to the outside
world can be made small. For example, in the hydrogen
atom a coupling of only 40 parts per billion (ppb) to the
electromagnetic continuum gives rise to spontaneous
emission and a quality factor Q of about 25 million
(25# 106). Building a scalable quantum computer using

superconducting qubits therefore requires engineering a
Hamiltonian where the undesirable couplings that lead to
decoherence are kept at the part per million (ppm) to ppb
level. Can a man-made, macroscopic quantum system
based on Josephson junctions have well-defined quantum
states that approach this level of coherence?
Here we present results on a new implementation of a

superconducting qubit where we carefully control the cou-
pling to the environment, obtaining an increase in coher-
ence by over an order of magnitude. We observe
reproducible qubit lifetimes for relaxation (T1) up to
60 !s, and lifetimes of coherent superpositions (T2) of
10–20 !s, corresponding to quality factors for both dis-
sipation (Q1 ¼ !01T1 ! 2# 106, where !01 is the transi-
tion frequency of the qubit) and decoherence
(Q2 ¼ !01T2 ! 7# 105) of about 1# 106. The high
quality factors observed imply that the instability in the
parameters of our system, the intrinsic dissipation in the
Josephson junction, and the size of the undesired couplings
are all in fact smaller than 1 ppm. Together with the fast
gate time (tgate ! 10 ns) previously demonstrated in super-
conducting qubits [8], we estimate the error rate will be
approximately tgate=T2 ! 5# 10"4. These results suggest
that existing Josephson junction technology should allow
superconducting circuits to achieve coherence levels com-
patible with scalable quantum computing in the solid state.
Our experiment employs a particularly simple transmon

qubit [9,10], consisting of just two superconducting elec-
trodes connected with a single small aluminum Josephson
junction, that requires no bias circuitry and has minimal
sensitivity to 1=f noises in charge or flux, coupled to a
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microwave resonant cavity that can act as an entanglement
bus and readout circuit. Neglecting the interactions with its
environment, the transmon is described by the simple

Hamiltonian [9,11] Ĥ ¼ 4ECðn̂# n0Þ2 # EJ cos!̂ where

n̂ and !̂ are the normalized operators for the pair charge

and phase (obeying ½!̂; n̂& ¼ i), EJ ¼ @Ic=2e and EC ¼
e2=2C! are the Josephson and Coulomb energies, e is the
electron’s charge, Ic is the junction critical current, C! is
the total capacitance between the electrodes, and n0 is the
offset charge.

The experiments are performed using a circuit QED
architecture [12,13], a circuit implementation of a cavity
QED [14], to isolate, couple, and measure the qubit. A
novel aspect is the use of a three-dimensional waveguide
cavity machined from superconducting aluminum (alloy
6061 T6), as shown in Figs. 1(a) and 1(b). This type of
cavity offers several advantages over the planar
transmission-line cavities used in previous circuit QED
experiments. First, the cavity has a larger mode volume
(approximately 3 cm3 or one tenth of a cubic wavelength,
compared to the 10#6 cubic wavelengths for a conventional
transmission-line resonator), and is much less sensitive to
the surface dielectric losses that are suspected as the limit-
ing source of dissipation in transmission-line resonators to

date [15,16]. Indeed, we have observed reproducible qual-
ity factors of these cavities [17] of 2' 106 to 5' 106,
corresponding to photon storage times in excess of 50 "s
(not shown) in the quantum regime (kBT ( @!c and
hni< 1, where !c is the cavity frequency), without the
power dependence [15,16] indicative of the presence of
two-level systems. Second, the geometry presents the qubit
with a well-controlled electromagnetic environment, limit-
ing the possibility of relaxation through spontaneous emis-
sion into the multiple modes that may be possible with a
complicated chip and its associated wiring [18]. The qubit
is placed in the center of the cavity, maximizing the
coupling to the lowest frequency TE101 mode at!c=2#)
8 GHz, which is used for readout and control. This location
also nulls the coupling to the second mode (TE102 at
approximately 10 GHz).
Despite the larger mode volume of the three-

dimensional cavity, we are able to achieve the strong-
coupling limit of cavity QED in this system, with vacuum
Rabi frequencies, g=2#, greater than 100 MHz. As seen in
Fig. 1(b), the electrodes of the qubit are significantly larger
[) 0:5 mm] than in a conventional transmon qubit, so that
the increased dipole moment of the qubit compensates for
the reduced electric field that a single photon creates in the
cavity. We note that due to the large dipole moment, the
expected lifetime from spontaneous emission in free space
would be only)100 ns, so that a high-Q cavity is required
to maintain the qubit lifetime. The electrodes also form the
shunting capacitance (C! ) 70 fF) of the transmon, giving
it the same anharmonicity and the same insensitivity to 1=f
charge noise as in the conventional design. An advantage
of this qubit design is that the large electrode size reduces
the sensitivity of the qubit to surface dielectric losses,
which may be responsible for the improved relaxation
times. In this experiment, the qubits cannot be tuned into
resonance with the cavity, so the vacuum Rabi coupling is
not observed directly. The system is rather operated in the
dispersive limit (j$j *j !c #!01j + g) [13]. Here the
qubit induces a state-dependent shift on the cavity, which
is the basis of the readout mechanism. The dispersive shifts
are typically several tens of MHz (see Table I), and can
approach 1000 times the linewidths of qubit and cavity, so
that all devices are well within the strong dispersive limit
[19]. The transmission through the cavity as a function of
microwave power, which demonstrates the ground-state
shift of the cavity and the reemergence of the bare cavity
frequency at sufficiently high powers (see Refs. [20,21]) is
shown in Fig. 1(c). Single-shot readout of the qubit (with
fidelities greater than 70%) is performed using the tech-
nique previously described [20].
The dramatically improved coherence properties of

these qubits are confirmed via the standard time-domain
measurements of the relaxation time (T1) and Ramsey
experiments (T2) (see Fig. 2 and Table I). We employ the
same techniques used in the previous conventional

FIG. 1 (color online). Qubit coupled to a 3D cavity.
(a) Schematic of a transmon qubit inside a 3D cavity. The qubit
is coupled to the cavity through a broadband dipole antenna that
is used to receive and emit photons. (b) Photograph of a half of
the 3D aluminum waveguide cavity. An aluminum transmon
qubit with the dipole antenna is fabricated on a c-plane sapphire
substrate and is mounted at the center of the cavity. (Inset)
Optical microscope image of a single-junction transmon qubit.
The dipole antenna is 1 mm long. (c) Transmission of a 3D
cavity (cavity D) coupled to a transmon (J1) measured as a
function of power and frequency. The cavity response above
#80 dBm occurs at the bare cavity frequency fc ¼ 8:003 GHz.
At lower powers, the cavity frequency shifts by g2=$.
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transmon experiment (see Refs. [8,18,22]) performed in a
cryogen-free dilution refrigerator at 10 mK. The qubits
have an anharmonicity !=2" ¼ f12 " f01 #"200 MHz
to"300 MHz which allows fast single-qubit operations in
#10 ns. There are several surprising features in the time-
domain data. First, while T2’s are typically in the range of
15–20 #s, they do not yet attain the limit twice T1 which is
reproducibly in the range 25–50 #s corresponding to
Q1 ¼ 1–2$ 106. This indicates that there is still signifi-
cant dephasing. At the same time, both the Ramsey decay
envelope and the echo coherence (which has an artificial
phase rotation as a function of the delay added) can be fit
well by an exponential decay, indicating that contrary to
the previous predictions [23,24], 1=f noise is not dominant
[22] in our experiment. This is consistent with the expec-
tation that these simple qubits should avoid dephasing due
to both 1=f flux noise (since there are no superconducting
loops) and charge noise (since the total charge variation of
the transition frequency [9] for these transmon parameters
is less than 1 kHz). The observed phase coherence factor,
Q2 # 700 000, is an order of magnitude larger than pre-
vious superconducting devices [10,25]. Since the transition
frequency of the transmon qubit (!01 #

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EJEC

p Þ is set by
a combination of the Josephson and charging energies, this
allows us to place stringent limits on the amount of critical
current noise in Josephson junctions, or dielectric fluctua-
tions in the shunt capacitance. We find that any critical
current noise must have a total variance of less than about
1 ppm ($I=Ic < 10"6). In fact, the observed Ramsey
and echo decays are more consistent with frequency-
independent noise in the qubit transition frequency (or
critical current) of about

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S!=!01

p # 10 ppb=
ffiffiffiffiffiffi
Hz

p
orffiffiffiffiffiffiffiffiffiffi

SI=Ic
p # 20 ppb=

ffiffiffiffiffiffi
Hz

p
. The improvement by approxi-

mately a factor of 2 with echo indicates either a character-
istic correlation time in this noise of about 10 #s, or an
additional low-frequency noise (but not 1=f in character)
component with a variance of about 1 ppm.

The high stability of the qubit transition frequency is
exhibited in Fig. 2(c), which shows the deviations observed

TABLE I. Parameters of four transmon qubits (labeled as J’s for single-junction qubits and S’s for SQUID) measured in four
different 3D cavities (labeled as A, B, C and D respectively). The data of J1a and Sa are data on qubits J1 and S following cycling to
room temperature. Here, f01 ¼ !01=2" is the dressed qubit transition frequency between ground-state j0i and the first excited state
j1i, g=2" is the coupling strength, g2=2"$ is the cavity frequency shift from the bare cavity frequency due to the qubit, fc ¼ !c=2" is
the bare cavity frequency, Qc is the quality factor of the shifted cavity resonance at single-photon power, T1 is the relaxation time from
j1i to j0i, T2 is the coherence time measured by Ramsey experiment, and Techo is the coherence time measured by a spin-echo
experiment.

Qubit (cavity) f01 (GHz) EJ (GHz) EC (GHz) g=2" (MHz) g2=2"$ (MHz) fc (GHz) Qc (x103) T1 (#s) T2 (#s) Techo (#s)

J1 (D) 6.808 21.1 0.301 138 15.9 8.0035 340 60 18 25

J1a (D) 6.769 21.0 0.301 140 15.8 8.003 75 340 50 20 24

J2 (C) 7.772 28.6 0.292 152 99.8 8.0020 360 25 15 21

J3 (B) 7.058 22.5 0.304 141 21.5 7.9835 320 42 12 12

S (D) 7.625 34.4 0.227 136 48.2 8.061 69 340 35 7.3 11

Sa (A) 7.43 32.5 0.228 123 24.1 8.061 69 100 20 6 8

FIG. 2 (color online). Time-domain measurement of the qubit
coherence (a) Relaxation from j1i of qubit J1. T1 is 60 #s for
this measurement. (Inset) The pulse sequences used to measure
relaxation (upper) and Ramsey experiments with and without
echo (lower). The pulse shown in dashed line is an echo signal
applied at one half of the delay between two "=2 pulses.
(b) Ramsey fringes measured on resonance with (blue squares
online or upper curve) and without (red squares online or lower
curve) echo sequence. The pulse width for the " and "=2 pulses
used in the experiments is 20 ns. An additional phase is added to
the rotation axis of the second "=2 pulse for each delay to give
the oscillatory feature to the Ramsey fringes. (c) Qubit frequency
f01 measured over 23 h by repeated Ramsey measurements.
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circuit-QED highest coherence times are found 
using  “transmon” qubits and machined cavities

“transmon” - Cooper-pair box in 
the limit of EJ ≫ EC 


