Constructing Non-Linear Quantum Electronic Circuits
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A Classification of Josephson Junction Based Qubits

How to make use in of Jospehson junctions in a qubit?

Common options of bias (control) circuits:

phase qubit charge qubit flux qubit
(Cooper Pair Box, Transmon)
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How is the control circuit important?



The Cooper Pair Box Qubit



A Charge Qubit: The Cooper Pair Box
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Hamilton Operator of the Cooper Pair Box

Hamiltonian: H=H,+ Hpoy = Ec(N —N,)? — Ejcosé
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Z IN{N| = 1 completeness
N
(N|M) = 6num orthogonality
phase basis: 5y = L et NO| basis transformation
9 = Ee



Solving the Cooper Pair Box Hamiltonian

Hamilton operator in the charge basis N:

A=3 (N = NPINYN| = SLIN)N +1+ |V + 1)

solutions in the charge basis:

Hamilton operator in the phase basis o
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Energy Levels

energy level diagram for E;=0:
« energy bands are formed

« bands are periodicin N,

energy bands for finite E,

« Josephson coupling lifts
degeneracy

« E,scales level separation at
charge degeneracy
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Charge and Phase Wave Functions (E, << E)
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Charge and Phase Wave Functions (E, ~ E)
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Tuning the Josephson Energy

split Cooper pair box in perpendicular field
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SQUID modulation of Josephson energy
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Two-State Approximation
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A Variant of the Cooper Pair Box

a Cooper pair box with a small charging energy

standard CPB: Transmon qubit:

circuit diagram:
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J.Koch et al., Phys. Rev. A 76, 042319 (2007)
J.Schreier et al.,, Phys. Rev. B 77,180502 (2008)



The Transmon: A Charge Noise Insensitive Qubit

Cooper pair box energy levels:
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How to Operate Circuits Quantum Mechanically?

o D>
© | E3I=

T'~001K

recipe:
« avoid dissipation
« work at low temperatures

« isolate quantum circuit from environment |e)

|a)

Review: M. H. Devoret, A. Wallraff and J. M. Martinis, condmat/0411172 (2004)



Control of Coupling to Electromagnetic Environment

coupling to environment (bias wires):
Zhne ~ 50 () coax

decoherence due to energy relaxation
stimulated by the vacuum fluctuations of the
Zqubit environment (spontaneous emission)

Decoupling schemes using non-resonant impedance transformers ...

coax
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... or resonant impedance transformers
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Realizations of Superconductmg Artificial Atoms

‘artificial atoms’ -- single superconducting qubits

review:
J. Clarke and F. Wilhelm
Nature 453,1031 (2008)

‘artificial molecules’ -- coupled superconductmg qublts
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