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Assembler la matière quantique

atome par atome



1. Many-body problem and quantum simulation

2. Example of synthetic quantum system: arrays of 
individual atoms with Rydberg interactions

3. Examples of simulations: spin models and magnetism

The program
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Questions: phase diagram, excitation, thermalization, dynamics, …

superfluidity superconductivity magnetism neutron star

The context: “many-body problem”
Goal: Understand ensembles of strongly interacting quantum particles

Microscopic description = models

Difficulty: exponential scaling of
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Approximations possible !!

But… poorly controlled or not valid when 
interactions dominate

= Strongly correlated systems
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One approach: many-body physics with synthetic quantum systems

Int. J. Theo. Phys. 21 (1982)

Well-controlled quantum systems implementing many-body Hamiltonians
= quantum simulator

Larger tunability than “real” systems (geometry, interactions…)
+

New types of probe & methods (e.g. out-of-equilibrium)

Georgescu, Rev. Mod. Phys. (2014)

Quantum simulation

A new way to look at many-body using quantum information concepts
(entanglement…) 5



Trapped ions Supercond.
Circuits

Atoms in 
tweezer arrays

+
A

+
Be-

Engineering with individual quantum systems (examples)

Atoms in 
optical lattices

MPQ
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Photons

Scalable: beyond 1000 particles

Addressability: local manipulations and measurement

Programmable: controlled geometry, interactions…
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Light-induced interactions 
in atomic ensembles
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Light-induced interactions 
in arrays of Dy atoms

Our experiments: many-body physics with synthetic quantum systems

I. Ferrier-Barbut

PRL 2023, PRA 2024, 2025
PRXQ 2025

Tunable arrays of 
individual Rydberg atoms
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1. Many-body problem and quantum simulation

2. Example of synthetic quantum system: arrays of 
individual atoms with Rydberg interactions

3. Examples of simulations: spin models and magnetism

The program
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Assembled arrays of individual 87Rb atoms in optical tweezers
Diffraction (spatial light modulator)

Laser

Camera

1 µm

1 mK

laser-cooled
T ~ 10 µK

Grangier (2001)
Sortais (2007)
Bergamini (2004)
Nogrette (2014)
Barredo (2016-18)
Schymik (2021-22)
Pichard, PR Applied (2024)
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Assembled arrays of individual 87Rb atoms in optical tweezers

Fluorescence: 
single shot!!

(averaged)

Laser

Camera

Diffraction (spatial light modulator)

~ 1024 atoms

Grangier (2001)
Sortais (2007)
Bergamini (2004)
Nogrette (2014)
Barredo (2016-18)
Schymik (2021-22)
Pichard, PR Applied (2024)



Laser cooled

Single atom in tweezer

Single-atom trapping zoo (2026)
sciencenotes.org
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And now… the interactions

J. Rydberg 
1854-1919
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Figure 0.1: Size of Rydberg atoms compared to different biological objects. The diameter
4a0(n � �0)2 of the classical allowed region of the Rydberg electron is plotted depending on the
principal quantum number for rubidium (quantum defect �0 = 3.135 [32]). Scanning electron mi-
crographs [33] of different biological objects are shown to illustrate the huge size of Rydberg atoms.
They exceed the dimensions of large viruses already at n ⇡ 50. At principal quantum numbers
around n = 70, the size of bacteria, the smallest living objects, is reached.

sensitivity to external fields and strong interactions among each other. Rydberg atoms, for ex-
ample, have been already successfully used as nondestructive probes for weak fields, consisting
of few photons [38] (Nobel Prize 2012 for Serge Haroche). Furthermore, they are discussed as
a building block for gates in quantum information processing [39, 40]. The current state of the
art in this field can be found e.g. in [7].

Bose-Einstein condensates

Also, the study of ultracold atomic gases has become an important test bench of physics
in the past decades, allowing for the study of quantum phenomena in a regime qualitatively
different from the classical world. Based on the work of Satyendra Nath Bose on the statistical
distribution of photons, the quanta of light [41], Albert Einstein predicted a phase transition in
a gas of non-interacting atoms [42]. As a consequence of quantum statistics, the particles in the
gas are then condensed into the state of lowest energy. For a long time, this new phase, termed
Bose-Einstein condensate (BEC), had no practical impact.
After the first observation of superfluidity in liquid helium [43, 44], Fritz London pointed
out, that this phenomenon could be connected to Bose-Einstein condensation [45]. Although

J. Balew
ski, PhD thesis
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R = 10 µm ) Vint/h ⇠ 1� 10 MHz

Þ timescales < μsec 

Þ Large dipole-dipole interactions 

continuum

En
er
gy

Rydberg
states |n, li

<latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit><latexit sha1_base64="FRriDprzU6CRUOMZsXDB9BLdQUY="></latexit>

Lifetime > 100 μs
Transition dipole:

<latexit sha1_base64="4YNXSyKfVjNFZBS9Dh9pqXpHhpw="></latexit>

dn,n±1 ⇠ n2ea0

Rydberg atoms

5 μm

<latexit sha1_base64="9IBJCBl140c5kbjYrQnw8BHTB9k="></latexit>

/ n3

Arrays of 87Rb atoms 
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1st demonstrations of controlled Rydberg interactions between two atoms
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1st demonstrations of controlled Rydberg interactions between two atoms

300+ in construction worldwide…

Optical clocks & metrology
Quantum simulation
Quantum computing
Light-matter interface

…



Engineering

Quantum 2022 

The Pasqal adventure: towards industry grade simulators (2019) 

Explore applications

Phys. Rev. A 2023

Phys. Rev. Research 2023

Phys. Rev. Research 2024
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Interactions between Rydberg atoms and spin models

Spin models = generic systems 
to study many-body questions:

Quantum phase transition, out-of equilibrium, 
thermalization, topology, entanglement…
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From van der Waals interaction to the Ising spin model
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From van der Waals interaction to the Ising spin model
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From van der Waals interaction to the Ising spin model
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From van der Waals interaction to the Ising spin model
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Controlled parameters:
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An antiferromagnet on a square array

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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An antiferromagnet on a square array
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An antiferromagnet on a square array

Scholl et al. Nature (2021)
Also: Lukin Nature 2021

Anti-ferromagnetic ordering!

Ex: MnO, FeO, CoO, NiO, FeCl2…

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019; 
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021
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State of-the-art simulation (2021): 
MPS limited to 10 x 10

(14 days on super supercomputer!!)

Dynamics: push 
numerical methods
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An antiferromagnet on a square array
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Theoretical modeling

Liu, PRR 2,043013 (2021)
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Quantum simulation of a real frustrated material: TmMgGaO4

?
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Quantum simulation of a real frustrated material: TmMgGaO4
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𝑇∼20	mK

Theoretical modeling

𝜇'𝐻 ∼ 14	T
Macroscopic measurement Simulation on Quantum Processor
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Quantum simulation of a real frustrated material: TmMgGaO4

PM1/3

T = 0K
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Quantum simulation of a real frustrated material: TmMgGaO4

PM1/3

T = 0K
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Preliminary

Adiabatic state preparation on QPU
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6 x 6 pbc

Quantum simulation of a real frustrated material: TmMgGaO4

PM1/3

T = 0K

<latexit sha1_base64="sBY9p4Cc9Z+wvtczZV740rE0HTY="></latexit>

�z = µ0H (T)

Preliminary

Adiabatic state preparation on QPU

Comparison between 3 QPU’s & theory

TmMgGaO4: 1/J1 ~ ps

QPU: 1/J1 ~ µs Þ slow dynamics
Single-site resolution: magnetic domain
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Resonant interaction between Rydbergs and XY spin model
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Barredo PRL (2015), de Léséleuc PRL (2017)

Emperauger PRA (2025)



Resonant interaction between Rydbergs and XY spin model
Browaeys & Lahaye, Nat.Phys. (2020)

Barredo PRL (2015), de Léséleuc PRL (2017)
Emperauger PRA (2025)

Non radiative “exchange” of excitation

42
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Dipolar interactions leads to frustration…
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Dynamics following quench: spin waves
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Preparation of long-range 
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Chen et al., Nature 2023
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Optimization problems
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Cost function = Ising Hamiltonien

Solution optimization = ground state
Two smart-charging problems and their 
reduction to graph theory problems
Minimization of total charging time ÎMax-Cut
Minimization of the number of charging stationsÎMax Independent Set

24/09/2019 M Porcheron EDF-R&D 12

Scheduling

• A very (very) large number of conventional algorithms are available 
• Exact in the (pseudo-)polynomial case (e.g. dynamic programming), or for reduced 

instances in strong NP (e.g. Branch&Bound for linear formulations) 
• Approximate : based on linear or semi-definite positive relaxations
• Probabilistic, in general in BPP (Bounded-error Probabilistic Polynomial time) : probability of 

success t 2/3, probability of fail d 1/3
• Heuristic : greedy algorithms, genetic algorithms, local search, constraint programming…

• What about quantum algorithms?
• Grover : quadratic speedup on any problem in NP with respect to a “brute force” 

exhaustive search …
• Many scheduling problems can be formulated as Binary Quadratic Optimisation Problems 

(QUBO) Î Quantum annealing/adiabatic computing and QAOA  are good quantum 
candidates 

• Scheduling is often a matter of graphs …

24/09/2019 M Porcheron EDF-R&D 11

Quantum simulators implementing spin models can do more…

Warning: competitive w.r. heuristic 
classical algorithms 

N > 2000 – 5000 & clock rate ~ kHz… 

arXiv:2502.04291

44



Optimization problems

H =
X

i

hini +
X

i<j

Jijninj , ni = 0, 1

<latexit sha1_base64="Blqrsn1XLRlN//nlGZUtV1OpCvw="></latexit><latexit sha1_base64="Blqrsn1XLRlN//nlGZUtV1OpCvw="></latexit><latexit sha1_base64="Blqrsn1XLRlN//nlGZUtV1OpCvw="></latexit><latexit sha1_base64="Blqrsn1XLRlN//nlGZUtV1OpCvw="></latexit>

Cost function = Ising Hamiltonien

Solution optimization = ground state
Two smart-charging problems and their 
reduction to graph theory problems
Minimization of total charging time ÎMax-Cut
Minimization of the number of charging stationsÎMax Independent Set

24/09/2019 M Porcheron EDF-R&D 12

Scheduling

• A very (very) large number of conventional algorithms are available 
• Exact in the (pseudo-)polynomial case (e.g. dynamic programming), or for reduced 

instances in strong NP (e.g. Branch&Bound for linear formulations) 
• Approximate : based on linear or semi-definite positive relaxations
• Probabilistic, in general in BPP (Bounded-error Probabilistic Polynomial time) : probability of 

success t 2/3, probability of fail d 1/3
• Heuristic : greedy algorithms, genetic algorithms, local search, constraint programming…

• What about quantum algorithms?
• Grover : quadratic speedup on any problem in NP with respect to a “brute force” 

exhaustive search …
• Many scheduling problems can be formulated as Binary Quadratic Optimisation Problems 

(QUBO) Î Quantum annealing/adiabatic computing and QAOA  are good quantum 
candidates 

• Scheduling is often a matter of graphs …

24/09/2019 M Porcheron EDF-R&D 11

Quantum metrology
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Quantum simulators implementing spin models can do more…

Gain x 10 - 1001 sec = 9 192 631 770 cycles
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Universal quantum computer
(likely long-term…) Du
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Harvard, 2023

Factorization RSA-2048 (Shor): ~ 1012 gates on ~ 10 million qbits …

Quantum chemistry (Fe7MoS9Co): 100-1000 logical qubits ~ 1014 gates

Zoning architecture Single qubit gates   𝐹	> 99.97%
Two-qubit gates  𝐹	> 99.2%

Proof of principle logical encoding and 
quantum error detection/correction (2025)

Harvard, Quera, Atom Computing, Infleqtion, Pasqal…

Today: circuits with ~ 100 gates

Rydberg based quantum computers today



atom-tweezers-io.org

How large can a controlled quantum system be? 

Zurek, Physics Today 1991 a = 7 𝜇m ??


