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Relaxation and dephasing (T, and T,)
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Relaxation Time (T1) Measurement

pulse scheme:
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Coherence Time (T2) Measurement. Ramsey Fringes

pulse scheme: s s Om
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Tomography of Ramsey Experiment

pulse sequence:
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Strategies to Reduce Decoherence

 remove sources of decoherence
e improve materials

» reduce sensitivity of quantum systems to specific sources of
decoherence (e.g. transmon design)

* make use of symmetries in design and operation

» use dynamic methods to counteract specific sources of decoherence
e Spin echo
« geometric manipulations



Reduce Decoherence Dynamically: Spin Echo

pulse scheme: "
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Coupling Superconducting Qubits and
Generation of Entanglement



Entangling two distant qubits

transmission line resonator can be used as a ‘quantum bus’ to create an

entangled state




Dispersive two-qubit J-coupling

qubit 1: transition frequency: wy ~ V8EcE ) = \/8EcE j maz [cos(m®/Po)]
qubit 2: constant frequency (5.5 GHz)

resonator: - direct coupling (g ~ 130 MHz)
mediated J-coupling (J ~ 20 MHz)
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Dispersive regime — single qubit

qubit detuned from resonance:

resonant:
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Dispersive regime — 2 qubits

H = Hy+ J(O'_|_10'_2 -+ O'_QO'_|_1)

i

transverse exchange (J-) coupling

mediated by virtual photons
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Avoided level crossing

qubit A swept across resonance with fixed qubit B
cavity mediated coupling leads to an avoided crossing
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2-qubit gate: ISWAP gate using ge <> eg transitions

m - pulse
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2-qubit gate: ISWAP gate using ge <> eg transitions

T - pulse
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Dispersive read-out of two qubits

dispersive two-qubit/resonator Hamiltonian describes qubit-state
dependent shift of resonance frequency (dw, =+ x, £ X, )

h
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transmission amplitude reflects two-qubit state
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2-qubit gate: C-Phase gate using ee <> fg transitions

= ee-level interacts with fg-level

= coupling strength J,~ 40-80 MHz (g ~ 300 MHz)

= fast, non-adiabatic tuning of qubits into resonance
= 27 -rotation after t=n/J,

= |ee) -state picks up phase e?*2= -1
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2-qubit gate: C-Phase gate using ee <-> fg transitions

qubit A qubit B
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ETH Quantum processor platform with 3-Qubits

A LA Full individual coherent qubit control
Il via local charge and flux lines

| Large coupling strength to resonator
g ~ 300 - 350 MHz

Transmon coherences times:

T, ~0.8-12ps, T, ~0.4-0.7us.

[Baur, Fedorov, Steffen, SF, da Silva, Wallraff. arXiv:1107.4774]



Quantum Teleportation
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Teleportation Circuit
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State tomography of the entangled 3-qubit state

Example: State to be teleported on qubit Ais |¥) = %ﬂg) + ile))
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Simulating measurement of qubit Aand B
with projection on |g,gg):
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[Baur, Fedoroy, Steffen, Filipp, da Silva, Wallraff. arXiv:1107.4774]



DiVincenzo Ciriteria 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 times
#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.



