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These lectures: combining arrays of atoms and Rydberg interactions

Quantum state engineering: 

create controlled quantum systems



Quantum metrologyMany-body physics

Foundations of quantum physics

Q states

Quantum engineering: create controlled quantum systems
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Engineering with individual quantum systems (examples)

Atoms in 
optical lattices

MPQ

Trapped ions Atoms in 
tweezer arrays
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Rb+ e-

Supercond.
Circuits

Scalable: beyond 1000 particles

Addressability: local manipulations and measurement

Programmable: controlled geometry, interactions… 4
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Lecture 1: Arrays of atoms in optical tweezers 
Rydberg atoms 

Lecture 2: Interactions between Rydberg atoms 
Rydberg blockade
Quantum computing with Rydberg atoms

Lecture 3: Quantum simulation: from Rydberg interactions
to spin models… and more
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The program



1. Arrays of individual atoms in optical tweezers

2. Basics of Rydberg physics

Outline – Lecture 1

7

Review: Kaufman & Ni, Nat. Phys. 17, 1324 (2021)



1 µm
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~ 1 cm

Lens NA ≥ 0.5
Aspherical lens

Microscope
objective

Grangier (2001)
Sortais (2007)

Optical tweezers: trapping in 3D
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Optical tweezers: trapping in 3D
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Optical tweezers: trapping in 3D
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Optical tweezers: trapping in 3D
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Optical tweezers: trapping in 3D
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Grangier (2001)
Sortais (2007)

Gaussian 
beam

Optical tweezers: trapping in 3D

Ex: 1 mW on 1 μm Þ Trap depth = 1 mK Þ Laser cooled atoms…



Fluorescence 
780 nm

1 µm

1 mK

A single Rb atom in an optical tweezer

Reservoir = laser-cooled Rb atoms
T ~ 100 µK
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Grangier (2001)
Sortais (2007)

Rubidium



Fluorescence 
780 nm

1 µm

1 mK

A single Rb atom in an optical tweezer
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Nature 2001

Grangier (2001)
Sortais (2007)



Fluorescence 
780 nm

1 µm

1 mK

A single Rb atom in an optical tweezer
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Nature 2001

0 atom

1 atomNon-deterministic
single-atom source

Grangier (2001)
Sortais (2007)



Laser cooled

Single atom in tweezer

Single-atom trapping zoo (2026)
sciencenotes.org



10 μm

0

2π

Bergamini JOSA B (2004)
Nogrette, PRX (2014)

Spatial phase 
modulator

Phase mask

Atoms in arrays of optical tweezers
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Phase calculation: iterative algorithm 
(Gerchberg-Saxton)

Optik 35, 237 (1972)

wikipedia



Fluorescence (729 traps)
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2π
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modulator
Phase mask

Atoms in arrays of optical tweezers
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Bergamini JOSA B (2004)
Nogrette, PRX (2014)



Trap beam

CCD
camera

SLM

Control system

2d-AOD

Moving

tweezer

Assembled configurationAssembling 
process

First demo (1D): Meschede, Nature (2006); 
Beugnon, Nat. Phys. (2007)

Barredo et al., Science 354,1021 (2016)
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Assembling atomic arrays atom-by-atom

Initial configuration

Moving tweezer with 2D optical deflector



Atoms in arrays of optical tweezers (single-shot images)

~100 µm

1D

L. da Vinci

2D

21Barredo, Science 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021



Atoms in arrays of optical tweezers (single-shot images)

~100 µm

1D

L. da Vinci

ZnCu3(OH)6Cl2

Kagome: Herbertsmithite

2D

Hexagonal

graphene

Triangular

Rb4Mn(MoO4)3

Mn2+

22Barredo, Science 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021



Atoms in arrays of optical tweezers (single-shot images)

~100 µm

1D

L. da Vinci

2D

arXiv:2412.14647

2024 atoms (AI + fast SLM)

Averaged fluorescence

L~ 100 
µm

Hyperboloid Möbius strip

Torus Eiffel tower

ConeC84 fullerene-like

3D

Also: Weiss, Nat. Phys (2007); Ahn, Opt. Exp (2016)

Barredo, Nature (2018)

Barredo, Science 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021



Endres et al., 
Science 354,1024 (2016)

Another method: Arrays of moving tweezers 
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Multi-tone 
RF drive



Dual species arrays

H. Bernien PRX 2022

Rb, Cs

87Rb, 85Rb

Zhan 
PRL 2022

Combining optical 
lattices + tweezer

A. Kaufman 
Science 2022

Now a popular platform…with many developments

arXiv:2402.04994

25

Continuous reloading schemes
Ni, Doyle, Cheuck

CaF

NaCs, RbCs

K-K Ni (2018) 
Cornish (2023)

Trapping molecules

Thompson, arXiv:2506.15633
Lukin, Nature 2025

3000 atoms
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Continuous reloading schemes
Ni, Doyle, Cheuck

CaF

NaCs, RbCs

K-K Ni (2018) 
Cornish (2023)

Trapping molecules

3000 atoms300+ in co
nstr

uctio
n world

wide…

Thompson, arXiv:2506.15633
Lukin, Nature 2025



1. Arrays of individual atoms in optical tweezers

2. Basics of Rydberg physics

Outline – Lecture 1
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Idea of an infinite series
Þ highly excited states

Johannes Rydberg 
1854-1919

1888



“Rydberg atom” = a highly excited atom
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“Rydberg atom” = a highly excited atom

29

…

En
er

gy

Coulomb 
potential

Ionization threshold

+

Bohr model

Rydberg
states Bohr quantization condition:

Bohr radius:
Radial distance 



“Rydberg atom” = a highly excited atom
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“Rydberg atom” = a highly excited atom
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states
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J. Balew
ski, PhD thesis



Circular and low angular momentum orbits
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Orbital angular momentum

Circular:

Low

Coulomb potential:
independent of 

… …



Alkali atoms = hydrogen-like atoms
sciencenotes.org

Alkali: 1 external electron

33
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Alkali atoms = hydrogen-like atoms
En

er
gy

…

Orbital angular momentum
Low

e- core

For Rb:

Quantum defects 
(experimental)

… …

+

Low-L e- polarize and penetrate core 
electronic cloud Þ more tightly bound



Single atom in tweezer

sciencenotes.org

Atoms with more than 1 valence electron



C L Vaillant, et al. J. Phys. B 47 155001 (2014)

Cheinet, PRX Quantum 3, 020327 (2022) 
Thompson, Phys. Rev. X 15, 011009 (2025)

2nd valence e-

Excited state of 2nd e-

• Rydberg series perturbed by second e-

• Rydberg e- + excited second e-
  Þ auto-ionization

Atoms with more than 1 valence electron

1st e- in Rydberg

+
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Other atoms: Er [6s24f12] Ferlaino 2021

Dy [6s24f10] Ferioli 2026

2 e- atoms: Sr [5s2], Yb [6s24f14]



Þ Exaggerated properties: 
•  strong interaction
•  strong coupling to fields (DC, MW)

~ 100 nm

+

e-

e- core

Browaeys, Barredo, Lahaye, 
J. Phys. B 2016

Rydberg’s have exaggerated properties
En

er
gy

…

… … BBR

radiative

37Bakr, arXiv:2602.05959

Transition frequency:

Long lifetime:
Þ n > 60, τ > 100 μs

Large transition dipole:

Large polarizability:

Rb, nP3/2
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421 nm

1013 nm

Alkali: Rb, Cs

Coherent optical Rydberg excitation (n = 50 – 100)
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Alkali: Rb, Cs 2-e- atom: Sr, Yb

F > 98%

F > 99.5%

Endres, Nat. Phys. 2020

Coherent optical Rydberg excitation (n = 50 – 100)



D. Barredo et al., 
PRL 114, 113002 (2015)

Coherent microwave manipulations (n = 50 – 100)

16.7 GHz Single atom Þ repeat 100 times

40

87Rb

Microwave Rabi oscillations



1975 Spectroscopy using lasers (Gallagher, Kleppner, Haroche…)

1980 – 2000 Cavity Quantum Electrodynamics using Rydbergs

1998 Rydbergs meet cold atoms P. Pillet and T. Gallagher

kBT << Interaction energy 
Þ T < 1 mK

Anderson, PRL 80, 249 (1998)
Mourachko, PRL 80, 253 (1998)

p + p « s + s’
p + s « s + p

Diffusion of excitation faster 
than motion Þ correlations

between all atoms
“Frozen” gas

High Q cavity: photon lifetime > 1ms
+ large dipole Þ

1 Rydberg interacts with 1 photon!
Haroche, Walther…

Rydberg atoms: a few historical landmarks

41
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