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Arrays of atoms for Q simulation & computing – Lecture 2
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Dipolar Interaction between atoms
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Dipolar Interaction between atoms
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Dipolar Interaction between atoms
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Recall:

Dipole-dipole interaction: 

with dipoles:

A B
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Dipolar Interaction between atoms
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Recall:

Dipole-dipole interaction: 

2 atom basis: 

with dipoles:

A B
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van der Waals regime

Resonant regime
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Interactions between Rydberg atoms (simplified…)
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https://arc-alkali-rydberg-calculator.readthedocs.io/en/latest/

N. Sibalic

S. Weber

https://pairinteraction.github.io/pairinteraction/sphinx/html/index.html

Van der Waals regime: 

Resonant regime: 

2-atom basis: 
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Interactions between real Rydberg atoms



Interactions between “real” Rydberg atoms

Þ timescales < μsec 
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100 μK
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Interactions between Rydberg atoms
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The initial idea (~2000)
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Fast (< 1 µs), robust



D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

A B
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Rydberg interaction and blockade



D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)

If                    : no excitation of           Þ  blockage
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Rydberg interaction and blockade

A B



D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)
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Blockade Þ entanglement and gates!!

Rydberg interaction and blockade

A B



D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)
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Blockade Þ entanglement and gates!!

A two-level collective system! 

Rydberg interaction and blockade

A B



D. Jaksch, PRL 85, 2208 (2000)
M. D. Lukin, PRL 87, 037901 (2001)
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A two-level collective system! 

Collective oscillation between          and

with coupling                 (N atoms Þ )   

Rydberg interaction and blockade

A B



Gould, PRL 2004  Martin, PRL 2004
Weidemuller, PRL 2004 Pillet, PRL 2006
Raithel, PRL 2005 Pfau, PRL 2007

BEC

The first blockade experiments: atomic ensembles
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The first demonstrations of blockade with two atoms (2008-09)

A
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2. Rydberg Blockade 
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Quantum computing in a nutshell
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Qubits: Quantum register: ensembles of qubits

Single qubit gates:

Two-qubit gates: 

Universal gate set: any     can be approximated by products of

A calculation:

<latexit sha1_base64="xOq9sdpZfPdUhrD72neYtR6vytU="></latexit>

|xi

<latexit sha1_base64="/LCP6tgxAQNiNu/z/6gwRY5+gGM="></latexit>

ÛCNOT

<latexit sha1_base64="xOq9sdpZfPdUhrD72neYtR6vytU="></latexit>
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Factoring  

  Ex: RSA-2048 en 109 years (Class.) Þ 1 day (Quant.)

Search in list: 𝑁/2 (class.) Þ √𝑁	(Quant.) (10 000 → 100)

Chemistry (fixation N2, affinity enzymes…), materials (superconduct.)…
Impossible (class.) Þ possible (Quant.)??

P. Schor L. Grover

Change complexity class of calculation

O(2N)

O(N𝛼)

Size of calculation N
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O(2N)

The promises of quantum computing



Atoms can be moved to interact locally 
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5 μm

Atoms = qubits Rydberg interaction

++
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Quantum processor based on arrays of laser-cooled atoms
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Useful for all-to-all connectivity and implementation of error correction

Bluvstein, Nature 2023

Moving the qubits around: the zoning architecture
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T1 =	∞, T2 > 1 s 
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I = 1/2
|1ñ

|0ñ
Nuclear qubit (MHz)

171Yb

Hyperfine qubit (Rb, Cs…) Optical qubit (2-e-: Yb, Sr…)

Atomic clocks Þ atoms = ideal qubits…

Different ways to encode the qubit
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Jaksch, PRL 2000A B

Blockade

pA pA2pB

pA pA 2pB

00 ® 00 ® 00 ®  00
10 ® r0 ® r0 ® -10
01 ® 01 ® -01 ® -01
11 ® r1 ® r1 ® -11

Saffman, PRL 2010

c

t

<latexit sha1_base64="IMQiEJHiJVqqyJ/bCtJPOVDJS8Q="></latexit>

ÛCZ

CZ gate

F = 73%

Addressable gate: pA – 2pB – pA (2009-19)

From Rydberg blockade to 2-qubit CZ gate



2026: F ~ 99.9%   Rb, Sr, Yb 28

Optimized global gate (> 2019)

Minimize time in Rydberg state

Pupillo, Quantum 2022
Evered, Nature 2023

Addressable gate: pA – 2pB – pA (2009-19)
Jaksch, PRL 2000A B

Blockade

pA pA2pB

pA pA 2pB

00 ® 00 ® 00 ®  00
10 ® r0 ® r0 ® -10
01 ® 01 ® -01 ® -01
11 ® r1 ® r1 ® -11

CZ gate

From Rydberg blockade to 2-qubit CZ gate
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Influence laser phase 
noise Rydberg excitation

Global CZ gate
Levine PRL 2019

2-e atom (Sr, Yb)

Déléseleuc PRA 2018

2-4 groups
> 5 groups

> 50 groups?

arXiv:2505.11218

Time optimal CZ gate
Pupillo Quantum 2022
Harvard Nature 2023

Threshold QEC 
(surface code)

Fidelity improvements following the first demonstrations
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Quantum phase estimation

Saffman, Nature 2022

arXiv:2411.11822

Preparation of cat state

Digital simulation of (few?) fermions 
Digital quantum simulation   Lloyd, Science 1996

arXiv:2501.06097

Variational algorithm: find ground state 
arXiv:2501.18554

Today: ~ 100 entangling gates (𝜖 ~ 10-2)

Examples of quantum circuits with Rydberg processor
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Nb gates Error/gate

Success: Need Quantum Error Correction

Shor, 1995

QEC: generalize redundancy to quantum Þ logical qubit = many physical qubits

Bridge gap: hardware error (𝜖 ~ 10-3) / error required for applications (𝜖 < 10-10)

Bluvstein et al., Nature 2022
Atom computing, arXiv:2411.11822
Infleqtion, arXiv:2412.07670
Quera, arXiv:2412.15165
Pasqal, arXiv:2605.21276
Atom computing, arXiv:2606.04079

Threshold theorem:
phys. qubit error

First demonstrations of logical qubits + calculations + correction

Fowler, PRA 2012

Towards fault tolerant quantum computing
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Nb gates Error/gate

Success: Need Quantum Error Correction

Shor, 1995

QEC: generalize redundancy to quantum Þ logical qubit = many physical qubits

Bridge gap: hardware error (𝜖 ~ 10-3) / error required for applications (𝜖 < 10-10)

Bluvstein et al., Nature 2022
Atom computing, arXiv:2411.11822
Infleqtion, arXiv:2412.07670
Quera, arXiv:2412.15165
Pasqal, arXiv:2605.21276
Atom computing, arXiv:2606.04079

Threshold theorem:
phys. qubit error

First demonstrations of logical qubits + calculations + correction

Fowler, PRA 2012

Towards fault tolerant quantum computing

Factorization RSA-2048 (Shor): ~ 1012 gates on ~ 200k – 1M qubits …

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


