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Quantum state engineering with individual systems

NV centers Quantum dots Superconducting qubits Polaritons in % cond.



Quantum state engineering with individual systems

Two-level systems to encode a spin:

Cold atoms
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NV centers Quantum dots Superconducting qubits Polaritons in % cond.



Physical Qubits
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DiVincenzo’s criteria (5+2)
1. Well characterized qubits encapsulated in a scalable physical system
2. Ability to initialize the qubits in a trustable state
3. Ability to maintain long coherence times, much longer than the gate operation time
4. Ability to implement a "universal" set of quantum gates
5. Ability to perform useful measurements
6. Ability to interconnet stationary and flying qubits
7. Ability to faithfully transmit flying qubits between specified locations
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Atomic structure of sodium (;;Na)
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Atomic Qubits
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See pages 7-8 (detailed calculations in HW1)

Coherent manipulation and Rabi oscillations. As shown above, be the transition
dipole electric or magnetic, the Hamiltonian describing the interaction of an atom with
an electromagnetic field has the general form

pon o hwo A —wp/2 Q coswt
H(t) = —— 0 + A2 coswt o, = h (Q coswt  wy/2 )|0),|1) : (12)

with Fhwy/2 the energies of the states |0) and |1), respectively.

1. Apply the transformation |¢(t)) = R(t) [¢)(t)) with

t i
R(t) = exp (—z%a) = (e 02 0_) . (13)
RN

This transformation amounts to applying a rotation around the Oz axis of angle
wt/2, and hence “move to the frame rotating at frequency w”.



. The Hamiltonian governing the evolution of the new state |¢)(t)) is found by writ-
ing the Schrodinger equation and applying the transformation. It yields the new
Schrodinger equation

zh% 1(t)) = H(t) [(t)) with H=RHR™ —I—zh%R_ (14)

Applying the transformation and using iA%< = (hw/2)6,R, we find

10),11)

H= h( 1+;/"‘”

with 6 = w — wp the laser detuning wit respect to the atomic transition.
Hamiltonian is still time-dependent.

At the end of the procedure, and under the quasi-resonant approximation, we are then
left with the effective time-independent Hamiltonian

- B[ Q e . hQ
H_i(Q —5>|o>|1>_ E )
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Paul trap for ions

1989 Development of
the ion trap technics

Potential in the lon Trap




lon crystals

Paul trap (RF + static) Coulomb cristal
= lonic crystal

Innsbrick

row of qubits in a
linear Paul trap forms
a quantum register * -
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Q=1-10 MHz

Innsbrick



Ultra-cold atoms in optical lattices

Dipole force: F o« —VI(r)
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I(z) = 2E2%(1 + cos 2kx)

Each site contains 1 atom!

Boson (Rb, Na, “Li, 3°K, 4He*),
Fermion (Li, 4°K),
Magnetic atoms (Cr, Dy...)
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Holographic 2D arrays of tweezers

‘ : SLM pattern

Spatial Light lterative algorithm

Modulator [Gerchberg — Saxton (1972)]
(liquid crystals)
Reconfigurable

‘FT[eW(x’y)] ‘

Bergamini, JOSA B 21, 1889 (2004) —
Nogrette, PRX 4, 021034 (2014) 10 um



Arrays of atoms

Individual atoms in assembled ~3-10 um
arrays of tweezers (~200 at.) ~—
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Photons in a cavity

S. Haroche
2012
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Figure 3: Spectrum of the Jaynes-Cummings Hamiltonian for § > 0.



“Single-photon” Rabi oscillations

Nobel Prize 2012

— ¢ i
51.1 GHz S. Haroche, D.J. Wineland
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54,3 GHz
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M. Brune, PRL 76, 1800 (1996)
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Triggered emission of single photons by an atom

Spontaneous photons 4 ns

Excitation
laser

Lens ~ 30 ns 200 ns
100% transfer
« Coherent » excitation / Radiative decay

(26 ns)

Excitation probability

time (ns)

Darquié et al, Science 309, 454 (2005)



« Microscopic » single photon sources

Based on photon emission by a single microscopic dipole

J=0
551 nm
Grangier, Y Vi
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Molecules in solid CQED with ions,
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Sources triggered by the excitation = « deterministic »



Commercial single-photon sources
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Superconducting circuit and qubits
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Resistance

Superconducting circuit and qubits
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Superconducting circuit and qubits




