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Thermal fluctuations
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Josephson phase , coordinate x/

Particle may escape at
I<Ic (<1) due to

thermal fluctuations!



Thermal escape of the phase
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Escape rate:

Estimations:

0 0.5 10

0.5

11

0

U 0( )

U 1( )

 p( )

 p( )0

10 

I c .100 A C ......4 F cm 2 10 m 10 m

=
E J
k B

2.384 103 K =
 p( )0

.2 
43.865 GHz

 0.99 =.U 1( )
E J
k B

2.247 K =
 p( )

.2 
16.475 GHz

=( ), .1 K 1.741 GHz =( ),0.95 .1 K 0.3 Hz

=( ), .0.3 K 9.193 MHz =( ), .0.1 K 2.862 Hz



Measurement of escape rate

N(t) particles survived 
up to time t.

N~104-106 samples: I1..IN
divided in bins I.

flight time vs. current

Note:
• Ic i.e. p are not known exactly.
•



Thermal escape rate

experiment: technique and
observed picture

Fulton et al., PRB 9, 4760 (1974)



Quantum escape

Quantum escape rate does not depend on temperature!

Does our particle (Jopsephson phase)
can be treated as a quantum particle?
If yes,
• What is its mass?
• How large is our Plank constant?



Dissipative quantum tunneling

Caldeira, Legget, PRL 46, 211 (1981)

Caldeira, Ann. of Phys. 149, 374 (1983)

Legget, NATO ASI, Plenum Press, New York, (1984)

Damping a:

Tunnelling rate reduces! 



Experiments

A. Wallraff, Rev. Sci. Instr. 74, 3740 (2003)



Thermal+Quantum escape
Thermal-Quantum Crossover Temperature T*

A. Wallraff, Ph.D. Thesis (2001)

w=3m w=0.3m



QM formulation: phase & charge

Uncertainty relation!



Phase in a harmonic potential

From classic H, the “mass” M is:

Small junctions!
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Phase in cos-potential
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Not equidistant level spacing!
(important for qubits, see below)

Baker et al., The Pendulum, ch.8, Quantum Pendulum, OUP 2005.



Energy Levels Quantization

Martinis et al. PRL 55, 1543 (1985).



Bloch sphere 1
• geometric representation of qubit (2-level system) states as a pont on
the surface of a unit sphere
• qubit manipulations can be neatly described



Bloch Sphere 2: Examples

Orthogonality.



Rabi oscillations 1

Rabi, Phys. Rev. 51, 652 (1937).



Rabi oscillations 2

Rabi, Phys. Rev. 51, 652 (1937).



Rabi oscillations 3

Rabi, Phys. Rev. 51, 652 (1937).



Superposition of |0 and |1

Martinis et al. PRL 89, 117901 (2002).

10/10 --> Q~1000



Superposition of |0 and |1

Martinis et al. PRL 89, 117901 (2002).

Relaxation rate (20ns, then 300 ns):



Rabi oscillations in phase qubit

Martinis et al. PRL 89, 117901 (2002).

Rabi oscillations:
• prepare coherent mixture by short pulse
• RabiPhase ~ P01*T01.
• apply measurement pulse
• Since coherence is short we measure p(P01)


