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Scalable quantum registers Smooth voltage supplies for fast transport of ions

Arbitrary Control of 2-qubits (universal 2-qubit QIP)

: : , , D. Hanneke, et al, Nature Phys. 6 13-16 (2010)
e A scalable quantum register must implement all the operations required for QIP

e Must use scalable methods — operations should be combined with information transport.
e Must implement operations in a manner which is consistent with a large-scale device
e Should be versatile — no hardware changes required for different tasks.

We implement an arbitrary unitary operation in SU(4) using two-qubits
- 15 free parameters are inputs to single qubit gates.
- 3 two-qubit gates required to reach all local equivalence classes

Operation time limited by transport and cooling.
Classical

/ Moving, 35%
computing

Cooling, overhead, 16%

46%

G is a two-qubit phase gate Gate pulses,

With trapped ions, one scalable architecture uses multi-zone traps
— transport of qubits involves moving the qubit ions themselves
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[ = - steps result in resonant motional excitation (even with filtering)!
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e Requires qubit states robust against environmental perturbations
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e Requires recooling prior to two-qubit gates due to imperfect control of fidelity

transport and ambient heating (two-qubit gates only work for cold ions) Tested two channels by attaching to separation electrode only

- separation of two beryllium ions - record low amounts of heating!

Multi-zone trap Scalable trapped ion quantum register

Long-lived qubits Sympathetic cooling
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Anharmonic trap potentials

» Two-qubit gates Mg light doesn't couple to internal Be (qubit) states

. It can cool the motion of Be, due to the Coulomb interaction
* Qubit readout

, , Most work up until now assumes a harmonic potential well. This is generally a good approximation
* Single-qubit gates P P g yag pp

when the electrode size and ion-electrode distance p is large compared to the extent of the ion crystal
We observe effects on the motional modes due to higher order terms in the trapping potential, which
will become more important with larger crystals and smaller traps.

Coherence time ~ 15 s

C. Langer, et al, Phys. Rev. Lett. 95 060502 (2005) Example of sympathetic cooling - motion-subtracting beryllium

sideband can't be driven (cooling all done using magnesium)
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To control 2 qubits, we use a four ion crystal 15}
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Entangled Mechanical Oscillators

J.D.Jost et. al. Nature 459 683-685 (2009)
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_ , , , Odd-order anharmonicity - asymmetry results in different amplitudes for the beryllium ions
e After entangling the internal states of two Beryllium ions, we can separate them, and use
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