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Read Out Strategies

demolition measurements (switching/latching measurements)
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Dispersive Approximation of the J-C Hamiltonian

Jaynes-Cummings Hamiltonian
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Results in dispersive approximation up to 2" orderin g
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Non-Resonant (Dispersive) Interaction

approximate diagonalization for |A| = |w, —w,| > ¢
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Dispersive Read-Out

approximate diagonalization in the dispersive limit |A| = \wa —Wwr| > ¢
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Qubit-Readout (Averaged)

single-shot measurements: averaged measurements (8 104):
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Improved using a Quantum Limited Amplifier

single-shot measurements:

Conventional HEMT

averaged measurements (8 104):
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Single-Shot Single-Qubit Readout

single-shot measurements:

Conventional HEMT

Parametric Amplifier

averaged measurements (8 104):
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Statistics of Integrated Single-Shot Readout
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Near Quantum-Limited Parametric Amplifier

Measured Gain
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The Lamb and AC-Stark Shifts

signatures of the dispersive interaction with a quantum field
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Measurements of the Lamb and Quantized Stark Shifts
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Measurement of the Lamb Shift

resonator transmission
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Quantum AC-Stark Shift and Lamb Shift
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Qubit Control



Qubit Spectroscopy with Dispersive Read-Out
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Driving Qubit Transitions in J-C Hamiltonian
Hamiltonian for microwave drive

Hy; = he(t) (a e~ Wit 4 qe"et)
Unitary transform

g = U(Hjc —|—Hd)UT with U = exp (acﬂL — aJ’a_)

and A = wg— wy

Results in dispersive approximation up to 2" orderin g
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Drive induces Rabi oscillations in qubit when in resonance with
dispersively shifted qubit frequency
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Single Qubit Gates

Pulse sequence for qubit rotation AL /2 x
and readout: < > 2/2 y sure t

experimental Bloch vector: experimental density matrix and Pauli set:
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Coupling Superconducting Qubits
and Generating Entanglement
using a Controlled Phase Gate



Quantum Processor with 3 Qubits: The Chip
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« three transmon qubits: T, ~1.0 us, T, ~ 0.6 ps, individual local control
« oneresonator: f,~ 8.625 GHz, coupling to qubits g/2n ~ 300 MHz

M. Baur et al.,, Phys. Rev. Lett. 108, 040502 (2012)



Quantum Processor with 3 Qubits: Circuit Diagram

Resonator

« qubit state measurement through resonator
« individual qubit control through local microwave gates
« two-qubitinteractions by tuning qubits into resonance using local flux gates

M. Baur et al.,, Phys. Rev. Lett. 108, 040502 (2012)



Universal Two-Qubit Controlled Phase Gate

‘20> qubit A qubit B

72 T Interaction mediated
by virtual photon exchange
through resonator

Tune levels into
resonance using R cvnevrerrnnnn,
magnetic field ‘10>

proposal: F.W. Strauch, Phys. Rev. Lett. 91,167005 (2003).
first implementation: L. DiCarlo, Nature 460, 240 (2010).



Universal Two-Qubit Controlled Phase Gate

‘20> qubit A qubit B
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C-Phase gate:
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proposal: F.W. Strauch, Phys. Rev. Lett. 91,167005 (2003).
first implementation: L. DiCarlo, Nature 460, 240 (2010).



Process Tomography: C-Phase Gate

arbitrar ~ o~
qualntur):n [P’ = 5(p)] decomposed into [S(P) = Z EmPEJ,,an]

process kil

{Ek} is an operator basis
X is a positive semi definite Hermitian matrix
characteristic for the process

Controlled phase gate Measured y-matrix:

., ] k fé Re[] (IIm[]]|<0.04)
L ] l =

Xl

o w ‘ ‘ %

F = Tr[XmeaSXujeal] = 0.86

CZUO =

o oo -
o O = O
O = OO

o o O



Process Tomography: C-NOT Gate
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Maximally Entangled Three Qubit States

Generation of GHZ class, e.g.
|ooo>+|111>, states:

« single qubit gates

« C-PHASE gates

Measured density matrix
« high fidelity
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DiVincenzo Criteria fulfilled for Superconducting Qubits

for Implementing a Quantum Computer in the standard (circuit approach) to quantum
information processing (QIP):

#1. A scalable physical system with well-characterized qubits.

#2. The ability to initialize the state of the qubits.

#3. Long (relative) decoherence times, much longer than the gate-operation time.
#4. A universal set of quantum gates.

#5. A qubit-specific measurement capability.

plus two criteria requiring the possibility to transmit information:

#6. The ability to interconvert stationary and mobile (or flying) qubits.
#7. The ability to faithfully transmit flying qubits between specified locations.



