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Objective

* Suppress decoherence of single solid-
state qubit using quantum feedback loop

* Tune entangled qubits continuously

* Reconstruct pre-measured qubit state from
the record of continuous measurement

» Analyze the feasibility of present-day
experiments on quantum control of
solid-state qubits
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State Purification and Decoherence Suppression
by Continuous Measurement of a Qubit
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Objective Approach

* Development of Bayesian formalism for
continuous quantum measurements
 Quantitative analysis of quantum feedback
 Application of Bayesian formalism to the

inverse problem
 Analysis of experimental parameters

Status

 Analyzed one-qubit quantum feedback

* Developed measurement theory for entangled
qubits, nonideal and quadratic detectors

* Predicted two-qubit entanglement by
continuous measurement

» Analyzed RF-SET with large O-factor

* Experimental collaboration with JPL



Research plan and accomplishments
for the last 12 months

study in detail preparation of entangled qubits by measurement Completed
analyze two-qubit quantum feedback quantitatively Partially completed
develop generalized formalism for nonideal solid-state detectors Completed

compare amounts of information obtainable by continuous
and instantaneous measurements of a qubit To be done in future

Besides:

e collaboration with JPL group (P. Echternach) on experimental observation

of Rabi oscillations in a Cooper-pair box Ongoing
® response and sensitivity analysis for normal-metal RF-SET Completed
e theory of continuous quadratic quantum detection Almost completed

e theory of continuous quantum measurement and feedback control

of a nanomechanical resonator In progress



Flow chart

Continuous quantum measurement of solid-state qubits Collaboration with JPL
(experiment, P. Echternach)

A 4

- Competed
I In progress
I Next year

- In future

BF — Bayesian formalism
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Sponsored publications since last QC review

Papers published:

e R. Ruskov and A. N. Korotkov, “Entanglement of solid-state qubits by
measurement”, PRB 67, 241305(R) (2003).

e R. Ruskov and A. N. Korotkov, “Spectrum of qubit oscillations from Bloch
equations”, PRB 67, 075303 (2003).

e A. N. Korotkov, “Nonideal quantum detectors in Bayesian formalism”,
PRB 67, 235408 (2003).

e A. N. Korotkov, “Noisy quantum measurement of solid-state qubits: Bayesian
approach”, in: Quantum Noise in Mesoscopic Physics (Kluwer, 2003), p. 205.

e A. N. Korotkov, “Noisy quantum measurement of solid-state qubits”,
Proceedings of SPIE, v. 5115, pp. 386-400.

Papers submitted:

e V. O Turin and A. N. Korotkov, “Analysis of the RF-SET with large quality
factor”, cond-mat/0305012, accepted by APL (scheduled for 09.20.03 issue)

e V. O Turin and A. N. Korotkov, “Numerical analysis of the RF-SET operation’,
cond-mat/0308218, submitted to PRB

Conference talks:
e APS (Austin, TX, March 2003)
e SPIE F&N (Santa Fe, NM, June 2003)

Alexander Korotkov University of California, Riverside




Outline

@ Collaboration with JPL (Rabi oscillations in a Cooper-pair-box qubit)
@ Response and sensitivity of RF-SET

@ Nonideal quantum detectors

@ Entanglement of qubits by measurement

@ Quadratic quantum detection

@ Quantum feedback and squeezing of a nanomechanical resonator

@ Future plans

Alexander Korotkov University of California, Riverside



Collaboration with P. Echternach (JPL)
on experimental observation of Rabi oscillations
in a single-Cooper-pair-box qubit
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Collaboration with P. Echternach (JPL)
Design optimization before fabrication

ubit
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Collaboration with P. Echternach (JPL)
Numerical simulation of Rabi oscillations

in single-Cooper-pair-box qubit
v (0): Model:
g\l e four charge states (-1,0,1,2)
/+ ” ” ” e coherent coupling
of states 0/2 and 1/-1
e quasiparticle tunneling
(BCS above 2A, phenome-

nological rate below 2A) ;

.........
.......
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Amplitude(arb. units)

Average island charge

Recent experimental results of
A. Guillaume and P. Echternach (JPL)
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Rabi oscillations in a Cooper-pair-box qubit
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Response and sensitivity of RF-SET
Turin-Korotkov, 2003
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Response and sensitivity of RF-SET

response  sensitivity Temperature dependence
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Response and sensitivity of RF-SET

Dependence on Effect of asymmetric rf biasing
SET resistance
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Response and sensitivity of RF-SET

Dependence on rf detuning  Proposal of resonant overtone mode
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Advantage: different frequencies
of incident and reflected waves
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SENSITIVITY

MR mode | ] OS mode |
RF-SET performance in the mode

of resonant overtone is comparable

e sensitivity does not worsen to performance in the usual regime

with detuning

e monitoring by rectification is
as good as homodyne detection

Recent experimental realization:

Keith Schwab, similar performance
in the proposed and usual modes
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Nonideal quantum detectors of solid-state qubits
Korotkov, PRB 67, 235408 (2003)
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affecting €

phenomenological model combining
quantum and classical noises

e Bayesian formalism is extended to a model, which takes into
account several factors of the detector nonideality

e “asymmetric” coupling and correlation between output and
backaction noises are taken into account

e formalism for a single qubit measurement is generalized
to measurement of entangled qubits

Alexander Korotkov University of California, Riverside



Making and keeping two qubits entangled
by continuous measurement
Ruskov-Korotkov, PRB 67, 241305(R) (2003)
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e With probability 1/4, two qubits measured by an equally coupled detector
become fully entangled (Bell state); the entangled state can be distinguished
from the other (oscillating) state by a flat spectrum of detector noise.

e Deviations from symmetry and environmental dephasing lead to switching
between the entangled and oscillating states. Switching rates have been
calculated numerically and analytically (for rare switching).

e Entangled state can be maintained by feedback.

Short paper published, long (detailed) paper almost finished.

Alexander Korotkov University of California, Riverside



Quadratic quantum detection
Mao, Averin, Ruskov, Korotkov, 2003
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I(t1)
I(t1)
ItV )=I(11) I(tV)=I(L1) I(tV)=I(1)
I(L L) I(11) I(LLV)=1(11)

Quadratic detection is useful for quantum error correction (Averin-Fazio, 2002)
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Linear detector
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Two-qubit detection

(oscillatory subspace)
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Two-qubit quadratic detection: scenarios and switching

Three scenarios: 1) collapse into |t! — 110 =|108, current 1.4, flat spectrum
(distinguishable by

2) collapse into |11 — {1 0 =208, current I, flat spectrum
average current)

3) collapse into remaining subspace |3408 , current Upgt1,4)/2,
spectral peak at 2Q), peak/pedestal = 4.

/@ Switching between states due to imperfections
18 || 348 1) Slightly different Rabi frequencies, AQ=0Q,-Q,
10 —— —— Tp.25=Typ_15=(QQ)?/2I, T=n""(AD)*/4S,
" E£0 i 5@ =s, + @D’ o
= - B 1+l (8Q)*]
4 - 2) Slightly nonquadratic detector, I,#1,
" i Cap sap == 1)/ AIT /2
0.0 6E+4 Ot  SE+4 ) SI (@) = So N E 492( ZA?Z r 2
3) Slightly asymmetric qubits, £#0 3 (o -4Q%)* + M af
Mg aup = 26T /Q7 + 8@n’ 1

27T (I, - I,)* 1+[4axAD)* 13T (I, - I,)*]
Mao, Averin, Ruskov, Korotkov, 2003
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Measurement of multi-qubit operators

Measurement of one qubit — natural
Measurement of a multi-qubit function — not trivial

Problem: measurement tends to collapse each qubit separately
Solution: not distinguishable states (equal coupling)

1. Measurement of (31 +52)2 (Ruskov-Korotkov, 2002)
Linear equally coupled detector, continuous measurement

2. Measurement of O1x0,x (Averin-Fazio, 2002)
Quadratic equally coupled detector, projective measurement

3. Operator 01,0, T O0,y0,y (Mao-Averin-Ruskov-Korotkov, 2003)
Quadratic equally coupled detector; continuous measurement

Alexander Korotkov University of California, Riverside



Measurable spectrum of Rabi oscillations

C
EH' detector ——>
I(»

qubit

s 1.0

Alexander Korotkov

Ruskov-Korotkov, PRB 67, 075303 (2003)

Rabi oscillations in a single qubit lead to
the spectral peak in the detector current;
however, peak-to-noise ratio £ 4.

Many approaches to this problem:

Korotkov, LT’99
Korotkov-Averin, 2000

Korotkov, 2000
Averin, 2000 Bulaevskii et al., 2002

Goan-Milburn, 2001 Shnirman et al., 2002
Makhlin et al., 2001 Zhu-Balatsky, 2002
Balatsky-Martin, 2001 Bulaevskii-Ortiz, 2003
Ruskov-A.K., 2002 Nussinov et al., 2003

Mozyrsky et al., 2002  Gurvitz et al., 2003
Balatsky et al, 2002 Stace-Barrett, 2003

University of California, Riverside



Bayesian approach to continuous position

measurement of a nanomechanical resonator

Ruskov- Korotkov, 2003
Wo~1GHz, T~20 mK , quantum behavior
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Cooling by feedback A" =-F%, F=-y(max +p)
Formalism similar to A. Hopkins et al., 2003 & Doherty-Jacobs, 1999 R
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QND squeezing of a nanoresonator by feedback

Constant voltage — no squeezing at C U 1 (Hopkins, Jacobs, Habib, Schwab, 2003)

We consider periodic V(z) — squeezing possible! (Ruskov-Korotkov, 2003)
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Tight experimental collaboration with JPL group (P. Echternach)

established

Response and sensitivity of a normal-metal RF-SET calculated

Summary

within “orthodox” theory; new operation regime proposed

Bayesian formalism for nonideal detectors developed

Initialization of two-qubit entanglement by measurement studied;

de-entanglement rates due to imperfections analyzed

Continuous quadratic quantum measurement studied;
spectral peak at doubled Rabi frequency predicted

Quantum feedback of nanomechanical resonators studied,
QND squeezing shown to be possible

Alexander Korotkov

University of California, Riverside




Research Plan
State Purification and Decoherence Suppression

by Continuous Measurement of a Qubit
A. N. Korotkov, UC Riverside

Progress on last year’s objectives

studied preparation of entangled two-qubit state by continuous measurement

developed theory of continuous quantum measurement by a nonideal detector
preliminary results on quantum monitoring of micromechanical oscillators

analyzed two-qubit continuous measurement by a quadratic quantum detector

analyzed performance of an RF-SET with realistically large O-factor

3 journal papers and 2 proceedings papers published

collaboration with P. Echternach (JPL) on experimental observation of Rabi oscillations

Research plan for the next 12 months

continue detailed analysis of one-qubit and two-qubit quantum feedback

analyze QND measurement and feedback control of micromechanical resonators
compare quantitatively continuous and instantaneous measurements of a qubit
analyze in more detail RF-SET response and sensitivity in a realistic setup
collaboration with JPL group on coherent one-qubit and two-qubit manipulations

Long term objectives

error correction and qubit initialization by continuous measurement and feedback
calculation of necessary bounds for entanglement demonstration

RF-SET as a quantum detector (for a quantum feedback)

experiments on Bell-type measurement, quantum feedback, spontaneous entanglement




