Generic Quantum Information Processor

The challenge:

2-qubit gates:
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two-level systems \ controlled interactions
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single-bit gates readout

» Quantum information processing requires excellent qubits, gates, ...
« Conflicting requirements: good isolation from environment while maintaining
good addressability

M. Nielsen and I. Chuang,
Quantum Computation and Quantum Information (Cambridge, 2000)

The 5 (+2) divincenzo Criteria for mplementation of a Ruantum Computer:

in the standard (clreult approach) to quantum tnformation processing (RIP)

#1. A scalable pMUchaL system with well-characterizeol oubits.

#2. The abLL’Ltg to initialize the state of the qubits to a sbmple flducial state.

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

#5. A qublit-specific measurement capability.

#6. The abitétg to Lnkerconvert statﬁoma@ and wmobtle (or {Lgmg) qubits.

#7. The ability to faithfully transmit flying qubits between specified Locations.




Quantum Information Processing
with Superconducting Circuits

with material from
NIST, UCSB, Berkeley, NEC, NTT, CEA Saclay, Yale and ETHZ

Outline

realization of superconducting qubits

harmonic oscillators

the current biased phase qubit

the charge qubit

qubit read-out

single qubit control

decoherence

two-qubit gates




Some Basics ...

... on how to construct qubits
using superconducting circuit elements.

Building Quantum Electrical Circuits

—\(XXX}Q/— inductor
requirements for quantum circuits:
I I capacitor * low dissipation

* non-linear (non-dissipative elements)

AW resistor * low (thermal) noise

—>&——  nonlinear element @ solution:

e use superconductors

—@— voltage source » use Josephson tunnel junctions

 operate at low temperatures

= voltmeters




Superconducting Harmonic Oscillator

a s'Lm]:Le electronic clreuit:

tgpf,caL inductor: L = 1 nH

a wire tn vacuum has inductance ~ 1 nH/mm

o] [ . t@p’LcaL capacitor: ¢ = 1 pF

a capacitor with plate size 10 pm x 10 pm and
dielectric AlOx (€ = 10) of thickness 10 nm
has a capacitance C ~ 1 pF
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uantization of the electrical LC harmonic oscillator:

parallel LC oscillator clreuit: voltage across the oscillator:
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with the charge @ stored on the capacitor a=-Ve
a flux ¢ stored tn the tnductor - 1T
properties of Hamiltonian written in variables @ anol ¢:
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R and ¢ are canonical variables

see e.g.: Goldstein, Classical Mechanics, Chapter 8, Hamilton Equations of Motion




Quantum version of Hamiltonian
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Hamdiltonian in terms of raising and Lowering operators:

Auc)
A
H= fw (afa s é-_) 3
{ | j; o
with oscillator resonance frequency: W = o i

Raising and lowering operators:
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charge & and flux ¢ operators can be expressed bn terms of raising and Lowering
operators:
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Exercise: Making use of the commutation velations for the charge and flux operators,
show that the harmonic oscillator Hamiltonlan in terms of the raising and lowering
operators is todentical to the one in terms of charge and flux operators.




Quantum LC Oscillator

? E \ o
—m[ |=in \ -
I 4=
\ L/
-G \ !/
position momentum \@/
/) :

P* ¢
Hamiltonian 5T + 50
w=1/VLC

t 1

H = hw aa+§

¢

low temperature required:

hw > ]{?BT
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10 GHz ~500 mK 20 mK
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problem 1: equally spaced energy levels (linearity)

Dissipation in an LC Oscillator

ext

. load

internal losses: Rjnt
conductor, dielectric

external losses: Rext
radiation, coupling
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