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Protected qubit

Engineering non-local ground-states
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The generalized Josephson element



Two-Cooper-pair tunneling elements

Rhombus
KITE

(Kinetic Interference

coTunneling Element)
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𝜑Σ,Δ: low-frequency “nuclear”

degrees of freedom

 temporarily fix to classical values

𝜙: high-frequency “electronic” 

degree of freedom

Model reduction: Born-Oppenheimer approximation

𝐸𝐿 ≲ 𝜖𝐿 ≪ 𝐸𝐽 ≈ 𝐸𝐶 ≲ 𝜖𝑐

Target regime :



Low-energy Hamiltonian has two degrees of freedom:

Model reduction: tight-binding approximation



215 total junctions

2 loops

3 control lines

4 electromagnetic modes

Experimental implementation



External flux dependance
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Flux dispersion measures phase fluctuations
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2𝐸𝐶
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Measured transition energies



Measured transition energies
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Exploring a new regime of quantum optics

Spectral signature of high-order photon processes

Smith* & Borgognoni* et. al in preparation



Small Josephson energy

Nonlinear oscillators in superconducting circuits

𝐻 = ℏ𝜔0𝑎
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Kerr interaction High order photon-photon interactions

Small Josephson energy

Nonlinear oscillators in superconducting circuits
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Non-linear crystals
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Kerr interaction High-order interactions

~ Diffusive ~ Nonlocal

Kirchmair et al. Nature (2013)

Time evolution of an initial coherent state



Spectra of nonlinear oscillators
𝜑𝑧𝑝𝑓

Hriscu & Nazarov PRL (2011)



Spectra of nonlinear oscillators
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1. Large 𝞿zpf → ultra-high impedance 2. Small EJ → ultra-small junction

KITE in the dc-SQUID-like regime* 𝜖𝐿 ≳ 𝐸𝐽

→
1

2

𝐸𝐽
2

𝜖𝐿
cos(2𝜑)

*opposite regime 𝜖𝐿 ≪ 𝐸𝐽 explored in

Smith et al. PRX (2022)
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Experimental realization: two technical challenges



One aluminum double-angle deposition

Readout

𝜃ext

𝜑ext
𝜃ext

𝜑ext

𝑎𝑖𝑛

𝑎𝑜𝑢𝑡

Experimental realization: physical device
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Transition frequencies vs. flux
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𝜔/2𝜋 = 2.9 GHz
𝐸𝐽/ℎ = 1.2 GHz

𝜑𝑧𝑝𝑓 = 3.3
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Coherence times

(2𝜋, 𝜋)

(𝜋, 2𝜋)

(2𝜋, 2𝜋)

(𝜋, 𝜋)



0 → |1ۧ

0 → |2ۧ

0 → |3ۧ

0 → |4ۧ Flux dependence of ۧ|0 → ۧ|𝑛 at 𝜃𝑒𝑥𝑡= 𝜋



Conclusion and perspectives
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𝝅

× 10 reduction in flux sensitivity
× 2 magnification of phase fluctuations

𝜖𝐿 ≪ 𝐸𝐽 𝜖𝐿 ≳ 𝐸𝐽

→ Interlacing spectra
→ High order photon-photon interactions

Conclusion
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𝜑𝑧𝑝𝑓 = 4.2
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Qubit protected by Cooper-pair pairing (open position)
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Closing the metrological triangle
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