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CALENDAR OF SEMINARS

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 loffe (Rutgers)
Implementation of protected qubits in Josephson junction arrays

00-V-3

CONTENT OF THIS YEAR'S LECTURES
OUT-OF-EQUILIBRIUM NON-LINEAR QUANTUM CIRCUITS

. Introduction and review of last year's course
. Non-linearity of Josephson tunnel junctions
. Readout of qubits

. Amplification of quantum signals: detecting RF photons

. Dynamical cooling and quantum error correction

oo a0~ WODN -

. Defying the fine structure constant: the prospect of

the observation of Bloch oscillations.
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LECTURE V : STATE PREPARATION OF
SUPER CONDUCTING ARTIFICIAL ATOMS
AND CAVITIES

1. Interaction between atom excitation and photons
2. Measuring photon number with an atom
3. Principle of dynamical cooling

4. Cooling and population inversion of fluxonium
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OUTLINE

1. Interaction between atom excitation and photons

2. Measuring photon number with an atom
3. Principle of dynamical cooling

4. Cooling and population inversion of fluxonium
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CAVITY QED
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CAVITY QED
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CIRCUIT QED: STANDING ATOMS (1)

Transmon artificial atom Cavity Control and readout

- s e

STANDING PHOTONS PROPAGATING PHOTONS
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CIRCUIT QED: STANDING ATOMS (1)

Transmon artificial atom Cavity Control and readout

09-V-7a




CIRCUIT QED:
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CIRCUIT QED: STANDING ATOMS (I)
Transmon artificial atom Cavity Control and readout
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CIRCUIT QED: STANDING ATOMS (1)
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CIRCUIT QED: STANDING ATOMS (1)

Transmon artificial atom Cavity Control and readout
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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TRANSMON + CAVITY, DISPERSIVE LIMIT

Idea: treat non-linear term as a perturbation
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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COUPLED OSCILLATORS
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RETAIN SECULAR PART OF PERTURBATION
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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TRANSMON + CAVITY, DISPERSIVE LIMIT
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OUTLINE

1. Interaction between atom excitation and photons

2. Measuring photon number with an atom

3. Principle of dynamical cooling

4. Cooling and population inversion of fluxonium
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T=0 AND CONDITIONAL TRANSITIONS
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T=0 AND CONDITIONAL TRANSITIONS
@, Wy > A> 9> K Oy
1 | 1
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T=0 AND CONDITIONAL TRANSITIONS
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T=0 AND CONDITIONAL TRANSITIONS
@, Wy > A> 9> K Oy
1 | 1

cavity photon number mst. qubit readout
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QUBIT-CAVITY COUPLING OF TRANSMON

Houck et al., Nature 07

avoided crossing "vacuum Rabi" splitting

2g =250 MHz!

_ 5 51 52 53 G5A
0 0.5 1 15 . Frequency (GHz)
Magnetic Field (au)

o —— G*JT—W AoC
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RESOLVING PHOTON
n=11 NUMBER IN CAVITY

Transmission Amplitude Difference

6.95 6.85 6.75
Spectroscopy Frequency (GHz) Houck et al., Nature 07
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RESOLVING PHOTON
n=11 NUMBER IN CAVITY

—: P(n) :@e‘ﬁ
n!

* Mean shifts
» Peaks are Poisson distributed

* Peaks get broader oc n

Transmission Amplitude Difference

6.95 6.85 6.75
Spectroscopy Frequency (GHz) Houck et al., Nature 07
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RESOLVING PHOTON
NUMBER IN CAVITY

CONDITIONAL QUBIT
ROTATION POSSIBLE!

PREPARATION OF
ARBITRARY FOCK STATE
SUPERPOSITION IN A CAVITY
(UCSB)

Hofheinz et al. (2008, 2009)

Transmission Amplitude Difference

6.95 6.85 6.75
Spectroscopy Frequency (GHz)
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OUTLINE

. Interaction between atom excitation and photons

. Measuring photon number with an atom

. Principle of dynamical cooling

A TWN

. Cooling and population inversion of fluxonium
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EQUILIBRIUM COOLING

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
E
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EQUILIBRIUM COOLING
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EQUILIBRIUM COOLING

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)

E 6, =[D(0]
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EQUILIBRIUM COOLING
EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
E
~ ~ Ata
hw,o.6 2o da,
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D +
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EQUILIBRIUM COOLING

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
E

hwa(&fég + h.C.)
<

hwy6.6. = > ho 8,
: == K
1 : ==
| > <:i:> = therm+alization
|O> bosonic bath
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EQUILIBRIUM COOLING
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EQUILIBRIUM COOLING
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EQUILIBRIUM COOLING

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
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WHAT IS DYNAMICAL COOLING?

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
E

QUBIT
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WHAT IS DYNAMICAL COOLING?
EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
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WHAT IS DYNAMICAL COOLING?

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
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WHAT IS DYNAMICAL COOLING?
EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
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WHAT IS DYNAMICAL COOLING?

EXAMPLE OF A CONTROLLABLE TWO-LEVEL SYSTEM (QUBIT)
E
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COOLING BY IRRADIATION!
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COOLING BY IRRADIATION!
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COOLING BY IRRADIATION!
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HEATING AND POPULATION INVERSION
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HEATING AND POPULATION INVERSION
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LINK WITH RAMAN PROCESSES

T |Le)—|Le)-¢|2,9)
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OUTLINE

1. Interaction between atom excitation and photons
2. Measuring photon number with an atom

3. Principle of dynamical cooling

4. Cooling and population inversion of fluxonium

09-V-5d

33



MEASUREMENT OF 0-1 TRANSITION FOR THE
FLUXONIUM NEAR HALF-FLUX QUANTUM

ATOM / CAVITY
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@ / (DO /,’, 272-
/" Kochetal., PRL 103, 217004 (2009)
20mK — 400MHz Manucharyan et al., Science 326, 113 (2009)
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OSCILLATIONS
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