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May 12: Daniel Esteve, (Quantronics group, SPEC-CEA Saclay)
Faithful readout of a superconducting qubit

May 19: Christian Glattli (LPA/ENS)
Statistique de Fermi dans les conducteurs balistiques : conséquences expéri-
mentales et exploitation pour l'information quantique

June 2:  Steve Girvin (Yale)
Quantum Electrodynamics of Superconducting Circuits and Qubits 

June 9:  Charlie Marcus (Harvard)
Electron Spin as a Holder of Quantum Information: Prospects and Challenges

June 16: Frédéric Pierre (LPN/CNRS)
Energy exchange in quantum Hall edge channels

June 23: Lev Ioffe (Rutgers)
Implementation of protected qubits in Josephson junction arrays

CALENDAR OF SEMINARS

09-VI-3

CONTENT OF THIS YEAR'S LECTURES

09-VI-4

1. Introduction and review of last year's course

2. Non-linearity of Josephson tunnel junctions

3. Readout of qubits

4. Amplification of  quantum signals: detecting RF photons

5. Dynamical cooling and quantum error correction

6. Defying the fine structure constant: the prospect of 

the observation of Bloch oscillations.

OUT-OF-EQUILIBRIUM NON-LINEAR QUANTUM CIRCUITS
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LECTURE VI : THE FLUXONIUM AND  
PERSPECTIVES FOR OBSERVING BLOCH
OSCILLATIONS IN A JOSEPHSON CIRCUIT

09-VI-5

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets

OUTLINE

09-VI-5a

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets
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c: control
t: target

before after

WE HAVE LEARNED HOW WE CAN READ,
RESET, WRITE A SQUBIT AND COMPUTE WITH IT.

CAN WE ALSO CORRECT ERRORS
AFFECTING  SUPERPOSITIONS OF

STATE?

09-VI-8
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QUANTUM ERROR CORRECTION
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QUANTUM ERROR CORRECTION
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"BIT FLIP" ERROR
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Toffoli gate
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QUANTUM ERROR CORRECTION

10α β+

0

0

0

0

Ψ =

Ψ

reset

reset

09-VI-9d

QUANTUM ERROR CORRECTION

10α β+

0

0

1000 11α β+

0

0

Ψ =

Ψ

reset

reset

09-VI-9e



12

QUANTUM ERROR CORRECTION
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QUANTUM ERROR CORRECTION
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CAN NON-EQUILIBRIUM QUANTUM EFFECTS
IN SUPERCONDUCTING CIRCUITS

BE USED
FOR PRECISION MEASUREMENTS?

09-VI-10
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OUTLINE

09-VI-5b

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets
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Problem: precision can reach 10-8 but current cannot exceed a few pA
09-VI-12
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OUTLINE

09-VI-5c

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets
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"FLUXONIUM"  QUBIT USES KINETIC
INDUCTANCE OF JOSEPHSON ARRAY
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"FLUXONIUM"  QUBIT USES KINETIC
INDUCTANCE OF JOSEPHSON ARRAY
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design minimizes island self-capacitance 

Cooper pair box junction

09-VI-18a

43 large junctions
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IMPORTANT PROPERTY: ANY TWO ISLANDS ARE CONNECTED BY AT
LEAST ONE PATH INVOLVING LARGE JUNCTIONS

"FLUXONIUM"  QUBIT USES KINETIC
INDUCTANCE OF JOSEPHSON ARRAY

Cooper pair box junction

09-VI-18b

43 large junctions

PARAMETERS OF THE ARRAY

EJ=22.5GHz

EC=0.8GHz

Cg~CJ /2000

N =43 <(CJ/Cg)1/2

09-VI-19
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μWAVE READOUT OF FLUXONIUM  QUBIT

microwave cavity

50Ω access
(differential) 

50Ω access
(differential) 

cQED: Wallraff et al (2004), Schuster et. al (2005) 09-VI-20
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SPECTRUM CHARACTERISTICS ARE VERY
DIFFERENT FROM

RF-SQUID-LIKE QUBITS

J.Koch, V.Manucharyan, L.Glazman, M.Devoret,
arXiv:0902.2980 (2009)
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OUTLINE

09-VI-5d

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets

short
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quarter-wave @ 8GHz
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Si
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qubit

resonator
coupling

capacitors

40μm

SAMPLE: COUPLE MINIMALLY TO FLUX
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qubit
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SAMPLE: COUPLE MINIMALLY TO FLUX

09-VI-23a

20μm

43 large
junctions
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junction
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coupling 

to resonator

coupled
microstrip resonator

small junction

array of large junctions
43 junctions, each with:

SAMPLE: COUPLE MINIMALLY TO FLUX

small junction array junctions

1μm

Single step e-beam; Al/AlOx/Al 
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20μm

43 large
junctions

small
junction

capacitive 
coupling 

to resonator

coupled
microstrip resonator

small junction

array of large junctions
43 junctions, each with:

array behaves as a large inductance:

Single step e-beam; Al/AlOx/Al 

small junction array junctions

1μm

negligible quantum phase slips
and parasitic capacitances

SAMPLE: COUPLE MINIMALLY TO FLUX
09-VI-24a

OUTLINE

09-VI-5e

1. Quantum error correction and quantum feedback

2. The quantum metrology triangle and Bloch oscillations

3. Defying the fine structure constant

4. Fluxonium sample

5. Single Cooper pair effects without charge offsets
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TWO-TONE SPECTROSCOPY vs EXTERNAL FLUX 
0-3 transition

0-2 transition

0-1 transition

resonator & vacuum Rabi

Inset: 
0-2 transition symmetry-forbidden
at zero flux

09-VI-25

TWO-TONE SPECTROSCOPY vs EXTERNAL FLUX 
0-3 transition

0-2 transition

0-1 transition

resonator & vacuum Rabi

Inset: 
0-2 transition symmetry-forbidden
at zero flux

More than 106 points,
taken over >72 hours
w/o jumps or drifts!

Parasitic resonance in the array
(accounted by a minor model correction)

NO OFFSET CHARGE
09-VI-25a
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THY vs EXP CONFIRMS SINGLE COOPER PAIR REGIME

V.Manucharyan, J.Koch, L.Glazman, M.Devoret,
arXiv:0906.0831 (2009)
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THY vs EXP CONFIRMS SINGLE COOPER PAIR REGIME

V.Manucharyan, J.Koch, L.Glazman, M.Devoret,
arXiv:0906.0831 (2009)
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PERSPECTIVES: ROLE OF INDUCTANCE

ARRAY WORKS AS SHUNTING INDUCTANCE >> LJ  IN CHARGE 
REGIME

DESPITE LARGE NUMBER OF JUNCTIONS,
FLUXONIUM IS AMONG BEST COHERENT
SQUBITS

FLUXONIUM WOULD WORK AS COUPLING
ELEMENT

STRONG ANHARMONICITY PROVIDE
EFFICIENT READOUT AND RESET

OBSERVATION OF BLOCH OSCILLATIONS
WILL REQUIRE LARGER INDUCTANCE
AND APPLICATION OF COOLING

09-VI-30
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END OF COURSE


