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Engineering with individual quantum systems
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Trapped ions

Two-level systems to encode a spin:

Photons

| T)——

E
o
o %
s

[ )—

Addressable + controlled interactions

Sycamore processor, Google Inc.
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Single-atom trapping zoo (2026)
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Alkali atoms = hydrogen-like atoms
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Atomic structure of sodium (5,Rb)
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Atomic structure of sodium (,,;Na)
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Different ways to encode the qubit

Atomic clocks = atoms = ideal qubits...

Hyperfine qubit (Rb, Cs...)
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Readout and manipulation of atomic qubits

Qubit readout = fluorescence

ROI 1 i ROI 2
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Exemple d’oscillation de Rabi sur un atome
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Paul trap for ions

Potential in the lon Trap

W. Paul

1989 Development of
the ion trap technics




lon crystals (1990 - )

Piege de Paul (RF + statique)
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Piege de Paul linéaire
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a quantum register * -
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lon crystals (1990 - )

Traditional

linear trap:

NIST Boulder

RF filter board

segmented
linear trapping
region

Innsbruck, 2020



Individual atoms in optical lattices

Dipole force: F o« —VI(r) 3D -
Eoeik:x Eoe—ik:c g
) = %
I(z) = 2E5(1 + cos 2kx) A/2 ~ 0.5 um
Quantum gas microscope
Each site contains 1 atom!
l Single-site
e & 'esolution
— (<1pm)

NA =0.7

Boson (Rb, Na, “Li, 3°K, “He*),
Fermion (°Li, 4°K),

Magnetic atoms (Cr, Dy...) Bakr et al., Nature 462, 74 (2009)
Sherson et al., Nature 467, 68 (2010) 16 um
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A single Rb atom in an optical tweezer

Grangier (2001)
Sortais (2007)

1 mK

Fluorescence
780 nm

Reservoir = laser-cooled Rb atoms
T~ 100 pkK




A single Rb atom in an optical tweezer

Sub-poissonian loading of single
atoms in a microscopic dipole trap

Nicolas Schlosser, Georges Reymond, Igor Protsenko

Grangier (2001)
Sortais (2007)
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1 mK Nature 2001
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Spatial phase
modulator

Phase mask

Nogrette, PRX (2014)
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Spatial phase
modulator

Fluorescence image of atoms (N ~ 300)
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Phase mask
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Single photons in a cavity

S. Haroche
2012
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“Single photon” Rabi oscillations

M. Brune, PRL 76, 1800 (1996)

Nobel Prize 2012
S. Haroche, D.J. Wineland
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Normal mode splitting in a cavity

laser :
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Photon blockade

b
— Probability to get 2 photons
== at the output
a i i i
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Birnbaum, Nature 436 87 (2005)



Triggered emission of single photons by an atom

Spontaneous photons 4ns

Excitation
laser %

S T *
N ER S NN

100% transfer
_/ Radiative decay

(26 ns)

n
»
I
»

« Coherent » excitation

Excitation probability
] |

0 10 20 30 40
time (ns)

Darquié et al, Science 309, 454 (2005)



Coincidences

s it really a single-photon source?

. . Time between
Antibunching 2 pulses

UM

-1000 -500 O 500 1000 1500
Delay (ns)
Darquié et al, Science 309, 454 (2005)



« Microscopic » single photon sources

Based on photon emission by a single microscopic dipole

1=0
551 nm % \\“\N
Grangier, 1 iy W single trapped atom (2005)
Aspect (1985) 23nm W "y

Quantum dots NV center Molecules in solid CQED with ions,
(+ cavity)(2001) (2000) (1999-2000) Atoms (2002-2004)

Sources triggered by the excitation = « deterministic »



Commercial single-photon sources
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Quantum circuit and harmonic oscillator

LC circuit Mass with a spring

N
N\
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Quantum circuit and harmonic oscillator

LC circuit Mass with a spring

The Quantum Information Processor
with Trapped Ca* lons




Resistance

Superconductivity

Superconducting circuit and qubits

Non-superconductor

Temperature

Josephson Junction Al
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Superconducting circuit and qubits

hwg \ | L=Ye Q?20 ~
hwg \ / N N \ /
“o | | | | \ /
hw, —Ey cos(®/Po)
hwy o X’ ho)
I=d/L
Oscillateur harmonique Oscillateur anharmonique

Systeme a 2 niveaux

(spin) A =—-(11¢1] = [0X0]) = — -6,

07 = (é —01)




Demonstration of the quantum nature of circuits

Top electrode

Base electrode Is |Sin§2t /7\
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John Clarke

Martinis, J. M., Devoret, M. H. & Clarke, J. Phys. Rev. Lett. 55,1543-1546 (1985).



Superconducting circuit and qubits




