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Speed limits for quantum gates in multiqubit systems

We use analytical and numerical calculations [1] to obtain speed limits for various unitary
guantum operations in multiqubit systems under typical experimental conditions. The operations that
we consider include single-, two-, and three-qubit gates, as well as quantum-state transfer in a chain
of qubits. We find in particular that simple methods for implementing two-qubit gates generall
provide the fastest possible implementations of these gates. We also find that the three-qubit Toffoli
gate time varies greatly depending on the type of interactions and the system's geometry, taking only
slightly longer than a two-qubit controlled-not (cnot) gate for a triangle geometry. The speed limit for
guantum-state transfer across a qubit chain is set by the maximum spin-wave speed in the chain.

[1] S. Ashhab, P.C. de Groot, F. Nori, Phys. Rev. A 85, 052327 (2012).

Selective darkening of degenerate transitions for implementing quantum controlled-NOT
gates

We present a theoretical analysis [21er the selective darkening method for implementin
8uantum controlled-NOT (CNOT) gates. This method, which we have recently proposed an
emonstrated, consists of driving two transversely coupled guantum bits (qubits) with a driving field
that is resonant with one of the two qubits. For certain driving conditions, the evolution of the
two-qubit state realizes a CNOT gate. The gate speed is found to be limited only by the couplin
energy J, which is the fundamental speed limit for any entangling gate. We conclude that this metho
is competitive with existing schemes for creating entanglement, with the added advantages of bein
applicable for qubits operating at fixed frequencies (either by design or for the exploitation o
coherence sweet-spots) and having the simplicity of microwave-only operation.

LZ] P.C. de Groot, S. Ashhab, A. Lupascu, L. DiCarlo, F. Nori, C.J.P.M. Harmans, J.E. Mooij, New J.
hys. 14, 073038 (2012).

Two-qubit gate operations in superconducting circuits with strong coupling and weak
anharmonicity

We theo_reticallg_ study the implementation of two-qubit gates in a system of two coupled
superconducting qubits LS]. In particular, we analyze two-qubit gate operations under the condition
that the coupling strength is comparable with or even larger than the anharmonicity of the qubits. By
numerically solving the time-dependent Schrddinger equation under the assumption of negligible
decoherence, we obtain the dependence of the two-qubit gate fidelity on the system parameters in
the case of both direct and indirect qubit—qubit couplint]:]. Our numerical results can be used to
identify the 'safe’ parameter regime for experimentally implementing two-qubit gates with high fidelity
in these systems.

[3] X.-Y. Lu, S. Ashhab, W. Cui, R. Wu, F. Nori, New J. Phys 14, 073041 (2012).

Landau-Zener-Stickelberg interferometry of a single electron charge qubit

‘We perform Landau-Zener-Stiickelberg interferometry [4] on a single electron GaAs charge
8ublt by repeatedly driving the system through an avoided crossing. We observe coherent
estruction of tunneling, where periodic drlvm% with specific amplitudes inhibits current flow. We
probe the quantum dot occupation using a charge detector, observing oscillations in the qubit
population resulting from the microwave driving. At a frequency of 9 GHz we observe excitation
processes driven by the absorption of up to 17 photons. Simulations of the qubit occupancy are in
good agreement with the experimental data.

54% J Stehlik, Y. Dovzhenko, J.R. Petta, J.R. Johansson, F. Nori, H. Lu, A.C. Gossard, Phys. Rev. B 86,
1303 (2012).



Strong coupling of a spin qubit to a superconducting stripline cavity

We study electron-spin-photon coupling in a single-spin double quantum dot embedded in a
superconducting stripline cavity. With an external magnetic field, we show that either a spin-orbit
interaction (for InAs) or an inhomogeneous magnetic field (for Si and GaAs) could produce a strong
spin-photon coupling, with a coupling strenﬂth of the order of 1 MHz. With an isotopically purified Si
double dot, which has a very long spin coherence time for the electron, it is possible to reach the
strong-coupling limit between the spin and the cavity photon, as in cavity quantum electrodynamics.
The coupling strength and relaxation rates are calculated based on parameters of existing devices,
making this proposal experimentally feasible.

[5] X. Hu, Y.X. Liu, F. Nori, Phys. Rev. B 86, 035314 (2012).



A02

2DEG
5 80 - 100mT

10mT
75MHz 1

f.=8.2GHz
I

A
(=]

bl
n

by o0 s 1y sl

0.0 [adss

ESR signal (a.u.)

1.64 168 172 1.76 1.80
B, (T)
(b)

GaAs 3/2



BO1

NMR
NV

(1]

[2]

[1] Y. Tabuchi, M. Negoro, K. Takeda, M. Kitagawa, “Total compensation of pulse transients inside a resonator”,

Journal of Magnetic Resonance, 204, 327 (2010).
[2] Y. Tabuchi, M. Kitagawa, “Design method of dynamical decoupling sequences integrated with optimal control

theory”, arXiv:1208.5218.
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[1] R. Okamoto, M. lefuji, S. Oyama, K. Yamagata, H. Imai, A. Fujiwara, and S. Takeuchi, Physical
Review Letters 109, 130404 (2012).
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01 Heterogeneous Quantum Repeater Hardware

AQUA: Advancing Quantum Architecture

Our mission is to bridge the gap between theoretical algorithms and real-world experiments to
accelerate the deployment of useful quantum information technology. Much of our work is directed
at designing distributed quantum computing systems, a paradigm we expect to be critical to
scalability and usability of quantum systems.

We work in six main areas, including: design of large-scale devices (in conjunction with Stanford
University and others); principles of quantum computer architecture; software tools for programming
quantum computers and visualizing their behavior; workload analysis, determining how to efficiently
implement known quantum algorithms on prospective quantum architectures; and repeater networks,
to tie them all together. The sixth main area, management of errors in quantum systems, drives all
of the other areas.

Recent results include development of a layered approach to quantum computer architecture
(Jones et al., Phys. Rev. X 2012), and an analysis of large-scale quantum repeater networks (Van
Meter, IEEE Network 2012). Lattice surgery for surface code quantum computation (Horsman et al.,
New J. Phys., to appear) provides a new, resource-efficient mechanism for fault-tolerant operation,
and is expected to impact near-term experimental work.

For the Quantum Cybernetics project, we are extending our work on repeater networks to
heterogeneous hardware, simulating three types of physical qubits in the same repeater node.
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Quantum Blocks: A crowd-sourcing solution to programming a topological quantum
computer

In 2005 a group of computer scientists at the University of Washington undertook a unique
project to solve a necessary scientific problem through the general public; they created a video
game. Foldlt (foldit.it) was designed to allow members of the general public to determine the
unique was in which a long chain of amino-acids (the building blocks of proteins) fold up into a
3-dimensional shape. This problem, which is extremely difficult to calculate automatically,
ultimately determines the function of proteins in the human body and consequently is of great
interest to biologists and drug manufactures. This game was a great success, generating solutions
that had baffled scientists for years with a registered user base (as of 2011) of over 250,000
members of the public.

Inspired by this work, we have begun a similar project, "Quantum Blocks". Quantum Blocks is
a game targeted at members of the public, designed to optimise the circuits needed to implement
fault-tolerant quantum information processing in the topological cluster state model. The game will
be released on all major platforms and on Android and iOS devices. The current version of
Quantum Blocks is currently an Alpha version and will be distributed to members of the physics
community later this year. A full public release is expected in the winter of 2013 and will hopefully
find better solutions to circuit optimisation in the topological model.

10
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