Coupling a Harmonic Oscillator to a Qubit



Cavity Quantum Electrodynamics

coupling photons to qubits:

Jaynes-Cummings Hamiltonian
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strong coupling limit (9 = dEo/h > 7, Kk, 1/tiransit)

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



Dressed States Energy Level Diagram
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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)

‘ Cesium Atoms
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alkali atoms Rydberg atoms
MPQ, Caltech, ... ENS, MPQ, ...

superconductor circuits semiconductor quantum dots
Yale, Delft, NTT, ETHZ, NIST, ... Wurzburg, ETHZ, Stanford ...



Vacuum Rabi Oscillations with Rydberg Atoms
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Vacuum Rabi Mode Splitting with Alkali Atoms
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Cavity QED with Superconducting Circuits

coherent quantum mechanics
with individual photons and qubits ...

O

ttransit

. In superconducing circuits:

circuit quantum
electrodynamics

»Hﬁ@\% A. Blais, et al. , PRA 69, 062320 (2004)
A. Wallraff et al., Nature (London) 431, 162 (2004)



Circuit Quantum Electrodynamics

elements

 the cavity: a superconducting 1D transmission line resonator
with large vacuum field E_and long photon life time 1/x

« the artificial atom: a Cooper pair box with large E /E.
with large dipole moment dand long coherence time 1/y

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



Vacuum Field in 1D Cavity cross-section
of transm. line (TEM mode):
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Resonator Quality Factor and Photon Lifetime
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resonance freq uency:.
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photon decay rate:

M~ 0.8MHz
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photon lifetime:

T = 1/k ~ 200 ns



Qubit/Photon Coupling in a Circuit

G coupling strength:
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Circuit QED with One Photon

superconducting cavity QED circuit

A. Wallraff, ..., R. J. Schoelkopf, Nature (London) 431, 162 (2004)



Resonant Vacuum Rabi Mode Splitting ...

Frequency, v (GHz)

. with one photon (n = 1):
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forming a 'molecule’ of a qubit and a photon
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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

e average power to be detected

— (n = 1)hw,k/2 = Prp = —140dBm = 10~7W
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e efficient with cryogenic low noise HEMT amplifier (T = 6 K)

e prevent leakage of thermal photons (cold attenuators and circulators)



urement Setup

rrrEETt.

microwave electronics

20 mK cryostat f

¥
=¥

—4




Read-Out ...

... of a superconducting charge qubit



Qubit Read Out
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Read Out Strategies

demolition measurements (switching/latching measurements)
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quantum non-demolition (QND) measurements
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Non-Resonant Qubit-Photon Interaction

approximate diagonalization in the dispersive limit |A| = |w, — wy| > ¢g
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A. Blais et al., PRA 69, 062320 (2004)



Non-Resonant Qubit-Photon Interaction

approximate diagonalization in the dispersive limit |A| = \wa
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Qubit Spectroscopy
with Dispersive Read-Out ...

... additional material



Measurement Technique
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e measurement of microwave transmission amplitude 1" and phase ¢

e intra-cavity photon number controllable from n ~ 10°% to n < 1



Dispersive Shift of Resonance Frequency

sketch of qubit level separation: measured resonator transmission
amplitude and phase:
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Qubit Spectroscopy with Dispersive Read-Out
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CW Spectroscopy of Cooper Pair Box
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detuning Ar,a/2ﬂ' ~ 100 MHz extracted: F; = 6.2GHz, Ex = 4.8 GHz

D. I. Schuster et al., Phys. Rev. Lett. 94, 123062 (2005)



Line Shape

excited state population (steady-state Bloch equations):
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Excited State Population
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Line Width
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