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These lectures: combining arrays of atoms and Rydberg interactions

Rydberg interactions
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create controlled quantum systems



Quantum engineering: create controlled quantum systems
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Engineering with individual quantum systems (examples)
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Trapped ions Atoms in Atoms in Supercond.
optical lattices tweezer arrays Circuits

Scalable: beyond 1000 particles
Addressability: local manipulations and measurement
(69), (6%, ...

v J

Programmable: controlled geometry, interactions...
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The program

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



Outline — Lecture 1

1. Arrays of individual atoms in optical tweezers

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



Optical tweezers: trapping in 3D

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

Grangier (2001)
Sortais (2007)

Dipole force
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Optical tweezers: trapping in 3D

Grangier (2001)
Sortais (2007)

Dipole force
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Optical tweezers: trapping in 3D

Grangier (2001)
Sortais (2007)

Dipole force a(w)
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w < wg = high-intensity seeker
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Optical tweezers: trapping in 3D

Grangier (2001) Gaussian 1

Sortais (2007) beam — - W G-
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Optical tweezers: trapping in 3D

Grangier (2001) Gaussian 1

Sortais (2007) beam — ~ W
. T .
R= ——
> )\
1 um w~ A/NA =V ~ 7\’
Dipole force a(w)
E. eiwt d = ok 1 “ J
LE
U=——=(d-E
o 2< L> 0 ) wo R
laser [—> + 1 o w
k,w 4 = —§Q<EL> \f
atom

w < wg = high-intensity seeker

Ex: 1 mW on 1 um = Trap depth = 1 mK = Laser cooled atomes... 13



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

Grangier (2001)
Sortais (2007)

Nicolas Schlosser, Georges Reymond, Igor Protsenko

& Philippe Grangier
1 mK Nature 2001
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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)

& Philippe Grangier
1 mK Nature 2001
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Lanthanide
Series

Actinide
Series

Single-atom trapping zoo (2026)
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al tweezers INSTITUT

Spatial phase
modulator

Phase mask

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

) 2
‘ FT [6290(90,?/)] ‘

Phase calculation: iterative algorithm
(Gerchberg-Saxton)

........

Y N R Optik 35, 237 (1972)
"""" image diffraction pattern
........ ¢ - initial phase plane - plane
— random phase_ _ > | uexp(ip) | =——> | Uexp(i®)
10 um (-n to m)
measured measured
amplitude , amplitude U,
A : FT' .
wikipedia uexp(ip) | €—— | Uexp(i®)
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| tweezers INSTITUT

Spatial phase
modulator

Phase mask

Bergamini JOSA B (2004)
Nogrette, PRX (2014)
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‘FT[ew(m’y)] ‘ ‘

Fluorescence (729 traps)
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Assembling atomic arrays atom-by-atom INSTITUT =
SLM o Moving tweezer with 2D optical deflector

)\ Bragg — t A 1st order
<o L = (1)~ 7 =
Q:Le » — \Oorder Vg

o —
First demo (1D): Meschede, Nature (2006);
CccD fRF (t) I Beugnon, Nat. Phys. (2007)
camera
Barredo et al., Science 354,1021 (2016)
Initial configuration Assembling Assembled configuration
process >
~ «
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Atoms in arrays of optical tweezers (single-shot images)

.......

..............
...............

........

~100 um

L. da Vinci

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



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

2D
Ys v! .
we ¢ ¢ Triangular
o Mn2+
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L. da Vinci
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Barredo, Science 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021

Kagome: Herbertsmithite
OH)¢Cl,

22




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

3D Barredo, Nature (2018)

Hyperboloid Mébius strip

L. da Vinci

Barredo, Science 2016 ; Schymik, PRA 2020, 2022; PRAppl. 2021 arXiv:2412.14647 Also: Weiss, Nat. Phys (2007); Ahn, Opt. Exp (2016)



Another method: Arrays of moving tweezers

A Position

Time

Endres et al.,
Science 354,1024 (2016)
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Now a popular platform...with many developments

Dual species arrays Trapping molecules Combining optical
s Loading lattices + tweezer
NaCs, RbCs o ,/* I,"A &
’ ! /" .
817 nm | ’ ®Cs
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Now a popular platform...with many developments

Dual species arrays Trapping molecules Combining optical
| lattices + tweezer
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Johannes Rydberg
1854-1919

Outline — Lecture 1

2. Basics of Rydberg physics
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“Rydberg atom” = a highly excited atom

lonization threshold

%/ } Rydberg

/ states
n>1

Energy

~g; Coulomb
4dmeor potential

n
»

Radial distance r

Ry =13.6eV = 3300 THz

28



“Rydberg atom” = a highly excited atom

o Bohr model 5
lonization threshold v
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Bohr radius: ao =~ 0.05nm

e? 1

2ag N2

Bohr quantization condition:

29



“Rydberg atom” = a highly excited atom

o Bohr model 5
lonization threshold v
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Bohr quantization condition:
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“Rydberg atom” = a highly excited atom

lonization threshold 10 T
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Circular and low angular momentum orbits

Orbital angular momentum
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Alkali atoms = hydrogen-like atoms

1A
1A

152252

Lanthanide
Series

Actinide
Series

Alkali: 1 external electron
(n —1)p°ns

3 4 5 6 7 8 9 10 11 12
ms VB VB VIB VIIB VI —— 1B 1B
3B 48 5B 6B 78 8 1B 2B
21 2836 2 3287 23 3407 24 2671 25 2061 26 2861 27 2927 28 2913 29 2562 30 907
Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc
44956 4788 50942 5199 54938 55933 58933 58693 63546 6539
1382 39 3345 40 4409 49 74 g 4639 43 4265 g4 4150 45 3695 46 2963 47 262 48 767
i Niobit T i i Rhodium Palladium Silvegr Cadmium
91224 92906 9595 98907 10107 102906 106.42 107.868 112411
72 4603 73 458 74 5555 75 5% 76 012 77 s 7g /5 79 2856 g 35662
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold Mercugry
17849 180948 18385 186.207 19023 19222 195.08 196,967 20059
104 unkrown jg5  umknown 1gg  unknown uknown j0g  unknown 1og  unknown 77 unknown 177 umknown 195 unknown
Rutherfordium Dubnium Seabogum Bohrium Hassium Meitnerium  Darmstadtium Roennggum Copernicium
1261) 1262) 1266) [264] 1269) [268] 1269] 2721 277
343 59 307 61 3000 62 7% 63 1529 20 66

2 68

288 69

195 70

us%s 71

SJO'sazoua:)uaps
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Alkali atoms = hydrogen-like atoms

Orbital angular momentum Py
L=0 1 2 49 50 51 oy Low L
—_— — T o~ ~ ,,’,, ,/'/
—== == 7 P For Rb: n > 30
v l T \ Il/ ,//, ,/’\A:\
§ . n — 50 'II , ,// ’,/’, ‘\‘ L J (5 L.J
2 { o= i
Ll n =2 5 ' 5 0 1/2 3131
\ e core | 1 1/2 2654
3/2 2641
n = ]. \\ / ~
2 3/2  1.348
P e 5/2  1.346
" (=) ' 352 001
n p nlj 3 5/2 0.016
7 : 7/2 ;
Quantum defects Low-L e polarize and penetrate core /20016
(experimental) electronic cloud = more tightly bound
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Atoms with more than 1 valence electron

1A
1A

O Single atom in tweezer

Lanthanide
Series

Actinide
Series
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72 4603 73 sa58 74 5555 75 5% 76 012 77 s 7g /5 79 2856
Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold
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Atoms with more than 1 valence electron

2 e atoms: Sr [55?], Yb [6524f14]

Excited state of 2nd e

—.__.+— 2ndyalence e

* Rydberg series perturbed by second e

* Rydberg e + excited second e
—> auto-ionization
C L Vaillant, et al. J. Phys. B 47 155001 (2014)

Er [65%4f12]  Ferlaino 2021
Dy [65%4f10]  rerioli 2026

Other atoms:

15t e” in Rydberg

(a)
A

lTl\"])+
4f135d6s
... OSSN SO I 46,
T T R — T N 4f 6pay,
— ~‘-lfl"(i[n“u,_,
4@
- — 47768172
4f135d6snp
4f135d6snd
— 'sg
6psjonps ),
°Pg
6p1 anpr s,
lsz) l.Jiprl;
6s1/,n5 6s1/,np;
J =0 J=1°
Cheinet, PRX Quantum 3, 020327 (2022)
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Energy

Rydberg’s have exaggerated properties

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

49 50 51

n2

BB ™~ 7+

kgT

= 50 B
500

0K
wp RO, NP3 ot
230 _,,::z;’:':’::: ________ 60K
E __@EZEIIIEE T T e 100K

Lif

. 1 . L L L
46 48 50 52 54 56
n

Transition frequency:
Vnn—1 ~ 1 —10GHz

Long lifetime: 7 ~ n?

—>n>60,t>100 us

Large transition dipole:
(n,1|D|n,1+ 1) ~ n2eaq

Large polarizability: o ~ n”

(D) = aF

—> Exaggerated properties:
* strong interaction
* strong coupling to fields (DC, MW)
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E A

Coherent optical Rydberg excitation (n = 50 — 100)

Alkali: Rb, Cs
|n'51/27F7 M>

1013 nm R x \/ Pr

6p3/2

21nm g x \/Pp

|581/2,F = 2,M = 2)
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Coherent optical Rydberg excitation (n = 50 — 100)

Alkali: Rb, Cs
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Endres, Nat. Phys. 2020
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Coherent microwave manipulations (n = 50 — 100)

87Rb 60p1/2
Ea o7 GH/ Single atom = repeat 100 times
6081/2 rm
Qw
Microwave Rabi oscillations
1.0 3

QE 0.8 f ll)
T— S o6l

:‘=§ 04r TL

§ il Yvi | 8

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
D. Barredo et al., 1 tRabi (US)

1 -
PRL 114, 113002 (2015) W /\W
0

0.0 0.3 03.9 4.2




Rydberg atoms: a few historical landmarks

1975 Spectroscopy USing lasers (Gallagher, Kieppner, Haroche...

1980 — 2000 Cavity Quantum Electrodynamics using Rydbergs

High Q cavity: photon lifetime > 1ms
+ large dipole =
1 Rydberg interacts with 1 photon!

Haroche, Walther...

1998 Rydbergs meet cold atoms P. Pillet and T. Gallagher Anderson, PRL 80, 249 (1998)
Mourachko, PRL 80, 253 (1998)

2o oy PO ,.p. 20,0 l.z, Diffusion of excitation faster

0ate’—o ;43;0 —e %’fo' than motion = correlations
o o

®e o) re ®p .sg o) between all atoms

p+p<>s+s “Frozen” gas kg T << Interaction energy
p+tS<>S+p = T<1mK 41
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The program

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