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Many-body quantum systems: challenges
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Héloise Chochois, Labex PALM

MAKING ARTIFICIAL
QUANTUM MATTER

R.P. Feynman

Use experimental control to

Implement many-body Hamiltonians
(including “mathematical” ones...)

Larger tunability than « real » systems

= QUANTUM SIMULATION

PRL 112, 047403 (2014)



Analog vs digital quantum simulation

Analog

The platform implement
directly H, o4l

(1)) =
oo (-1 [ tﬂmd(t’)df) 4(0))

e.g. Fermi Hubbard, spin models,
electrons in B-fields...

Georgescu, Rev. Mod. Phys. (2014)



Analog vs digital quantum simulation

Analog

The platform implement
directly H, o4l

(1)) =
oo (-1 [ tﬂmd(t’)df) 4(0))

e.g. Fermi Hubbard, spin models,
electrons in B-fields...

Georgescu, Rev. Mod. Phys. (2014)

Digital
H. . .4e 1S Synthesized digitally

e.g. single / 2 gbit operations

o~ iHmoat

(E—Eﬂlffﬂe—iﬂgt/{ﬂ'ne—iﬂgffﬂ)

= “universal” quantum simulation
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Quantum state engineering with individual systems

Photons
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NV centers Quantum dots Superconducting qubits Polaritons condensates
See e.g. Hazzard et al., PRA 90, 063622 (2014)
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Coupling range

4
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See e.g. Hazzard et al., PRA 90, 063622 (2014)



Coupling range

4 :
* Scalable: beyond 1000 particles

4
o0 4 : D * Addressable: local manipulation
‘ Trapped ions .
. ! and measurement
* Programmable: controlled
L\ geometry, interactions... Y,
1 i
Jij ~ = Polar mf)lecules :
ij Magnetic atoms ;
1 ______________________________ 7/
Jij ~ RS,
(]
g .
Nearest . @M Ultracold atoms in la
neighbors . e
>
1 102 104 # of ‘spins’

See e.g. Hazzard et al., PRA 90, 063622 (2014)



1. Arrays of individual atoms

2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing

D. Synthetic Topological matter

4. Digital guantum computing




1. Arrays of individual atoms




Optical dipole trap

Classical
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Optical dipole trap

Classical

‘E
laser —I—>
K, ®

Harmonic oscillator model

4 1 / ((’*)o - (D)
ol(®) (/ /
0 o, r m:

Interaction atom - light

U(x) ~ - o Exf

— Conservative POTENTIAL



Optical dipole trap

Classical Quantum
E h) =d.FE
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Optical dipole trap

Classical Quantum
E h) =d.FE
laser _I_. d = (e‘fﬂg)
K, ®
Harmonic oscillator model @, >

1/(®,-®) | —

o(w) // |er-'_|:| _____ ’A:w—wo
O : 1 :
Q) ()]
’ r | 8 au

Interaction atom - light
Ulx) ~ - o E(x) Trap depth ~ 100 uK - 1 mK
= cold atoms

— Conservative POTENTIAL



Radiation pressure

0.5 mm/s

Laser cooling of neutral atoms

Photo from the Nobel Photo from the Nobel Photo from the Nobel
Foundat rchive Foundation archive. Founda tion arci hive.
S‘reven Chu Claude Cohen William D Phillips
Prize share: 1/3 Tannoudii Prize share: 1/3

Prize share: 1/3
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Ultra-cold atoms in optical lattices

Dipole force: F oc —VI(r)

Eoeik:c E{)e—ikm
—> <

I(z) = 2E5(1 + cos 2kzx)



Ultra-cold atoms in optical lattices

Dipole force: F oc —VI(r) 3D
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Ultra-cold atoms in optical lattices

Dipole force: F oc —VI(r)

Eoezkm E{)e—tkm

—> <

I(z) = 2E5(1 + cos 2kzx)

Each site contains 1 atom!

Boson (Rb, Na, “Li, ¥K, “He™),
Fermion (6Li, “°K),
Magnetic atoms (Cr, Dy...)

3D

<>

A/2 =0.5um

(S1say3 JauIaI “|N)



Ultra-cold atoms in optical lattices

Dipole force: F oc —VI(r)

lgoeikm 1308—¢k$
—> <

I(z) = 2E5(1 + cos 2kzx)

Each site contains 1 atom!

Boson (Rb, Na, “Li, ¥K, “He™),
Fermion (6Li, °K),
Magnetic atoms (Cr, Dy...)

3D 2
Q
A/2=0.5um
Quantum gas microscope
l Single-site
. e resolution
S (< 1pum)
NA=0.7

Harvard, MPQ



Optical tweezers: trapping in 3D

High field seekers w < w,

Gaussian beam \1/




Optical tweezers: trapping in 3D

High field seekers w < w,

Gaussian beam \1/

Diffraction limited optics w ~ A
Trapping volume ~ m\”

NA = sin a
w ~ A/NA

EX: 1mWon1um
Trap depth = 1 mK
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Individual atoms in op

A single Rb atom (10 pK)

Aspheric lenses
NA = 0.5

Trap light
@ 850 nm

Schlosser et al., Nature 411, 1024 (2001)



Loading a tweezer from a MOT

Loading rate (~ density of the MOT) = R

R ~ nyoT w2 v




Loading a tweezer from a MOT

Loading rate (~ density of the MOT) = R

R ~ nyor w2 v

Two-body loss rate in the trap [

B N(N —
, B N(N-1)
V 2

V ~ trap size

Light-assisted collision



Light-assisted collisions (radiative escape)

ovvwne

A S1/2+P3/2

MOT light

¢ S1/2-|_Sl/2

A. Gallagher & Pritchard PRL 63, 957 (1989)
A. Fuhrmanek, PRA 85, 062708 (2012)



Light-assisted collisions (radiative escape)

. o S 1/2+P3/2

\/ S1/2+Sl/2

A. Gallagher & Pritchard PRL 63, 957 (1989)
A. Fuhrmanek, PRA 85, 062708 (2012)



Light-assisted collisions (radiative escape)

Kinetic energy (~ 10 mK) > U

—~ Y, 1T S2+Py
o

¢ S1/2-|_Sl/2

A. Gallagher & Pritchard PRL 63, 957 (1989)
A. Fuhrmanek, PRA 85, 062708 (2012)



Light-assisted collisions (radiative escape)

Kinetic energy (~ 10 mK) > U

—~ Y, 1T S2+Py
o

¢ S1/2-|_Sl/2

1 >

R(?}"{{.‘ R

2 atoms remain in the trap less than K ~ 100 psec

A. Gallagher & Pritchard PRL 63, 957 (1989)
A. Fuhrmanek, PRA 85, 062708 (2012)



Individual atoms in opt

A single Rb atom (10 pK)

\ r Light-assisted
w_A collisions
(@)

Aspheric lenses
NA = 0.5

Trap light
@ 850 nm

MOT light @ 780 nm
50 pK atomic cloud

Schlosser et al., Nature 411, 1024 (2001)



Individual atoms in ©

A single Rb atom (10 pK)

Aspheric lenses
NA = 0.5

Trap light
@ 850 nm

MOT light @ 780 nm
50 pK atomic cloud

Schlosser et al., Nature 411, 1024 (2001)
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Individual atoms in op

Iterative algorithm
[Gerchberg - Saxton (1972)]

Spatial Light Modulator
(liquid crystals)
Reconfigurable

‘ 2

I(2,9) = [FTieteen)

Nogrette et al., PRX 4, 021034 (2014)



Individual atoms in opti

Avg. Fluorescence

Spatial Light Modulator
(liquid crystals)
Reconfigurable

MOT light @ 780 nm
50 pK atomic cloud

Nogrette et al., PRX 4, 021034 (2014)



Individual atoms in or

Avg. Fluorescence

Spatial Light Modulator
(liquid crystals)
Reconfigurable

MOT light @ 780 nm
50 pK atomic cloud

Nogrette et al., PRX 4, 021034 (2014)



Assembled arrays of |

Barredo et al., Science, 354, 1021 (2016)

-
>
w o
PO
50(&\0‘3

SLM _ static pattern

AODs — moveable tweezers

Timescale : 300 us / move



Assembled arrays of individual atoms

Initial configuration Assembled configuration

Assembling
process

A
v

~100 um

Solution: sorting atom in the arrays
Miroshnychenko, Nature 442, 151 (2006)

Related: Endres et al., Science 354,1024 (2016)
Kim et al., Nat. Comm. 7, 13317 (2016) Barredo et al., Science, 354, 1021 (2016)



What about 3D

Electrically tunable lenses




It also works in 3D!

Holographic traps (with SLM) also works in 3D
Imaging in 3D with a single EMCCD camera
> fast tunable lens for multi-plane imaging

Hyperboloid Mébius strip Assembled Pyrochlore lattice

Plane 1 Plane 2 Plane 3
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F

Cq, fullerene-like

Front view Side view

Average fluorescence Barredo et al., Nature 561, 79 (2018)




3D holographic arrays

Di Leonardo, Optics Express 15, 1913 (2007)

. 2
SLM L [T [etEn)]




3D holographic arrays

Di Leonardo, Optics Express 15, 1913 (2007)

BA

f —0z=f—
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‘FT [ i®(z,y)+iB(x2+y )]

Quadratic phase — lensing



3D holographic arrays

Di Leonardo, Optics Express 15, 1913 (2007)

B

f ‘—>5,:>:= e

wn
—
<
A

=)

2

z‘@(m,y)ﬂ'ﬁ(mi‘wi’)]
\Ei¢(m,y)+iﬁ(m2—l—y2) |FT [e

Quadratic phase — lensing

Approximate solution for multi-planes: use superposition principle

ei@l(ﬁjy) _|_ Bi@g(:}:,y) _I_ }

O(z,y) = arg
/ \

Plane 1 Plane 2



1d

Assembled arrays of individual atom_

New assembler algorithms:

------------------

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

Schymik et al., PRA, 102, 063107 (2020)

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

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

-------------------

L. da Vinci

b I S T
100 ym
2d :
3d (averaged)
For N = 100 atoms: T 4 Py
%. : 4 ," :s‘
Filling fraction > 99 % Q 75 R
= j# e
Probability of defect free shots ~ 40 % i S AR ' ’
}\*P/\;@
Q



Assembled arrays in the world

Lukin (Harvard), 2016 Birkl (Germany) Ahn (Korea)
2D

Time

| I R
Y Y Y Y F XX TY

Endres (Caltech) i
Kauffman (JILA) s
2018 o

e Thompson (Princeton)
w4 2018




Assembled arrays in the world

Lukin (Harvard), 2016 Birkl (Germany) Ahn (Korea)
2D

Sr

Time

And many more on the way:
Bonn, Yale, Columbia, Tokyo, Argonne, UIUC,
Amsterdam, Durham, MPQ (4), Pasqal, Atom
Computing, ETH, Munich, Hamburg...

L] L i ]

Y Y Y Y F XX TY

Endres (Caltech)
Kauffman (JILA) B
2018

[EE8 Thompson (Princeton)
e 2018




Towards more atoms: arrays in a cryostat

Why larger arrays?



Towards more atoms: arrays in a cryostat

Why larger arrays?
Avoid edge effects...




Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000
Graph problems (MIS)

Lukin & Pichler, Gl el \{}4
Ahn, Pasqal, Ayral... ~— *. * i

Avoid edge effects...




Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000
Graph problems (MIS)

Lukin & Pichler, ¥ el \{}4
Ahn, Pasqgal, Ayral... ~— *. * \

Avoid edge effects...

Alexandre Dauphine

Next week!



Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000
Graph problems (MIS)

Lukin & Pichler, GINEAES W
Ahn, Pasgal, Ayral... ~— *. ° \

Quantum error correction
~ 100 phys. gbits for 1 logical gbit

Avoid edge effects...

Lifetime: 71 — TN = T1/N — atom losses + detection errors



Towards more atoms: arrays in a cryostat

Why larger arrays? Optimization problems N > 1000
Graph problems (MIS)

Lukin & Pichler, GINEAES \C}ﬂ
Ahn, Pasqgal, Ayral... ~— *. * \

Quantum error correction
~ 100 phys. gbits for 1 logical gbit

Avoid edge effects...

Development of a 4K,
UHV compatible closed-cycle
cryostat — “vacuum ~ 0"

CRYOGENIC SOLUTIONS

’é@ MYCRYOFIRM

K.N. Schymik, Phys. Rev. Applied (2021)




Towards more atoms: arrays in a cryostat

10 | | |
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= 18 o
E b
o °Q
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0.1 . . .
0 10 20 30 40

Holding time (min)

Trapping lifetime > 6000 s !



Towards more atoms: arrays in a cryostat

—
o

Survival probability

©
-

o 10 20 30 40
Holding time (min)

Trapping lifetime > 6000 s !

Now:

>300 atoms assembled
> 30% probability

Schymik et al., PRA 106, 022611 (2022)

Probability

o
—
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0 5
Number of defects
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Questions?
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2. Rydberg atoms and their interactions
7‘3_



Arrays of interacting Rydberg atoms

\ Addressable /




Arrays of interacting Rydberg ato

<

Arrays of atoms \

Addressable /

Energy

continuum

/ Rydberg atoms \

}Ryd berg
states |n, [)

n ~ 50 — 100

P
y

Lukin, Zoller 2000
Saffman, RMP 2010
Browaeys, Nat. Phys. 202C



“Rydberg atom” = a highly excited atom (e.g. Rb)

1000 + =0 =1 __ . L=9_. |?’1.j l}
— — — } Rydberg
=9 E —< n =1 states

n ==~ — €
8007 n=7 n =0 n>1
n=r1 —
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2001
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“Rydberg atom” = a highly excited atom (e.g. Rb)

1000+ . 1=0___ =1 _______ I=3__ n,l)
—_— — _— ] Rydberg
n=9 E — n=71 states R
n=_¢& n=~0 E = — Y
800y n=="7 n>1 n — 5 )2
n=7 — (1 — Onij)
n=a=a
n==a /
é 6001 ——— Quantum defects (experimental)
?;5
<
5 400
n=a=a
2007

n=~a



“Rydberg atom” = a highly excited atom (e.g. Rb)

1000+ =0 I=1___ =9 __ |n, l}
e —— I
—_— — _— ] Rydberg
n=9 E — E n=71 states R
300 —n=a 7 n=0 n>s1 |Ex=-— Y
T n = n —
(1 — Onij)?

n==17 —ﬂ=5
n =0

é 6001 ——— Quantum defects (experimental)
é" B d 51
= 4001 .
- — For Rb: 0 12 3131
n > 30 1 1/2 2654
200+ 312 2.641
9 3/2  1.348
5/2  1.346
0+ E——— 3 5/2 0.016
n =:

7/2  0.016




Radial wave-function for Rb

¥Ry ('f")l‘E
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Angular wave-function
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“Rydberg atom” = a highly excited atom (e.g. Rb)

10004 --L=Y L=1_ L=7_ |n,l (r) ~ n’aq
Rydberg

=9 E = g n =1 states ~ 100 nm
n—=4g& —_—
800r ____ n=T n=0n>1 e

n==17 N

n =0

'-E 600+ .

— n =0

':Q)d

3

5 400+
n =~

200+




Rydberg atoms are huge

classical diameter 4a,(n-8,)" [pm]

[ covp-19 |

10

T T I !
erythrocyte leukocyte

L
#'h}"' ¥
I"'..

» Ta
2 g throm-

|
e bocyte

80

100 120 140
principal quantum number n

160

180

J. Balewski, PhD thesis
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Energy (THz)

1000+

8001

6007

4001

2007

“Rydberg atom” = a highly excited atom (e.g. Rb)

=0 l=01=9_ n, ) (r) ~ naq
—_— _— ] Rydberg
n=9 n—=7 states ~ 100 nm
n ==& ——
n = f] n, :§> 1 e
n==17 —
n=~a

n=~a

I =1
]
n=2y9
n==a
n==71
n==~a
n=2a

€ core

Long lifetime 7 ~ n”

— h>60,T>100 us



“Rydberg atom” = a highly excited atom (e.g. Rb)

1000+ =0 =1 ____ I=9__ n,l) (ry ~ n2aq
—— I E——
— } Rydberg
n =Y —— n=7 states ~ 100 nm
n==q WA - — 6
8007 n="1 n=t > e
n=-7 N
n=_0 e core
= 600 ,
— n =0
> Long lifetime 7+ ~ n°
E 400 + — h>60,T>100 us
n=a
Large transition dipole:
2001 d[(n,1) = (n,1+1)] ~ n?eaq
= Exaggerated properties:
0+ . strong interaction
n=a °

strong coupling to fields (DC, MV



Rydberg atoms have exaggerated properties

Table 1. Properties of Rydberg states.

Property

Binding energy E,

Level spacing E, ;. — E,

Si17¢ of wavefunction (r)

Lifetime 7

Polarizability o

van der Waals coeffi-
cient Cy,

n—:-..tﬂ]mg

Value for B0S,; > of Rb

nt S00 GHz
n 13 GHz
- SO0 nm
n 200 s
! ~ 1.8 GHz/(V /fem)*
n't 4 THz - pm®



Rydberg atoms: a few historical landmarks

1975 Spectroscopy using lasers (Gallagher, Kleppner, 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)

P® e'a PO® o' Pe o?
o ® ®e o ® ,. ® o ® o 3 Mourachko, PRL 80, 253 (1998)
Degta® . _ 550 plP@° e s .
® 0%  °G3%, 0%, Diffusion of excitation faster
0 0) %00 ’sg ®p than motion — correlations
PD+p — S+5¢' between all atoms
PtS os+p kT << Interaction energy

“Frozen” gas T<1mK



Strength of Rydberg interactions

107 h
H
IRl B
L % | wdW-1/R"
miag, d-d i
- 0.1 . EE
10"
“nhmﬂHiEEi; RE
107 2 ] 5 10 50 50 00
R (um}

“Quantum Information with Rydberg atoms”,
M. Saffman, T. Walker, K. Moelmer, Rev. Mod.
Phys. 82, 2313 (2010)



Arrays of interacting Rydberg ato

/ Arrays of atoms \ / Rydberg atoms \

continuum
}Ryd berg
states |n, [)

n ~ 50 — 100

e
e_

Lifetime > 100 pus 7 ~~ n’

\ Addressable / &ransiﬁon dipole: d ~ nQ/

Large dipole-dipole interactions

Energy

R~ 10pum ey V; /h~1— 10MHz

Tine =~ s < Tigetime Lukin, Zoller 2000
Saffman, RMP 2010
Browaeys, Nat. Phys. 202C




On-line interaction calculator for Rydberg atoms

Dipole-dipole interactions

™

/3

Atom 1

1’2
V=—
471'60 (

Atom 2

1

A -

)

== 8 — — — — — .
|R| |R—’I'] +T2| |R—’I'|| |R+1‘2|

T Rydberg interaction calculator

File Configuration Help

Systemsettngs  Plotsettngs | Misc.
State

Unperturbed state

atom 1 |Rb ~ atom2 |Rb
no a0 s |m
I 0 |l 1
i 0.5 sa(h 15
m |05 $m: Jos

The quantization axis is the z-axis.

Basis

Fields

Interaction

Steps

Field map of atom 1and 2

Energy (gigahertz)

0.8

0.6

0.4

0.2

02

0.4

- [m)
Pair potential
Energy s (GH): e e
o
= 78Py; 78 4gn
78Py; 78 g
| 79P1; 8051 *
— 7By 80512
95, - 8OP-
1z 80Py
- 7955 80Py |
5 8 0 12 14 i3 18 0
Interatomic distance (micrometer)
Calculate potential Fit  (Cefre 2 Save

user's

ibali
%ARC - Alkali Rydberg Calculator N . SI a IC

computer
running Python

‘ Atom calculator

| calculations_
atom_single

alkali_atom data =— alkali_atom_

functions
Hydrogen
Lithiumé AlkaliAtom
Lithium7
Sodium

Potassium39

—rm scipy

— numpy

StarkMap (alias Potassium) o matplotlib
user web interface tevetPot potassiuman
Potassium41
Rubidiumg5 — e
) (alias Rubidium) (angular algebra)
users L calculations_ Rubidium87
web = atom pairstate Caesium
browser
PairStateInteractions — arc_c_extensions
StarkMapResonances (Nm;xe;ov inC)
< >

higher abstraction level

primitives

https://arc-alkali-rydberg-calculator.readthedocs.io/

Docs » Pairinteraction - A Rydberg Interaction Calculator S . We be r

Pairinteraction - A Rydberg Interaction

Calculator

License GPLv3

arkiv 161208053

https://www.pairinteraction.org/



On-line interaction calculator for Rydberg atoms

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

87Rb
uantization
61D Q ) 77°
3/2 axis (B) ®
B=69G ® B=69G
E=0mV/cm E=20 mV/cm

T o028 R

0.026 /_/«%/ 0.026 |
N N
t 0.024 c 0.024/
£ . =
5 &
3 0.022 3 0.022
& &
2 0.02f £ p02}
= =
L (]

0.018 0.018 |

_=___'____-__-_‘_
0.016 0.016
&€ 7 8 9 10 11 12 13 12 & 7 B 0 10 1L 42 13 14

Interatomic distance {micrometer) Interatomic distance {micrometer)



Interactions between Rydberg atoms and spin moc

van der Waals

+ \

—1 ns,ns)
""""" AE

2-atom energy

199)

Atom 1 Atom 2

Ej —, —
4

|d8p’2|d8p’|2 ~ nll

/ER

&

B
. Browaeys & Lahaye, Nat.Phys. (2020)

Resonant dipole
¢ ns,n'p) V [n'p,ns)

>
o
2
o C
- ~ —
2 R3
w
o Y
199)
Atom 1 Atom 2
E.'f —.— —
|V
E; A B
V(R) = / Vv / dspdps 4
(R) = (ns,n'p|Vaq|n'p,ns) ~ —ra s~



Interactions between Rydberg atoms and spin mot

€ B e
. . Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals Resonant dipole
snp) V / \
4 ns. ns) $ NS, N P) n'p,ns)
B \: %
O O
S AE Cs & C
S RS S R
(Y] (4]
«~ \ c{l \
199) 199)
Quantum Ising XY model
H=Y Jioel) H=Y J(6/6; +6,6])

i#] 7]



Coherent excitation to the Rydberg states

e Bernien 2017, Levine 2019

e —

1013nm

- -
—_— 6P3/2 7-6P3/2 = 113 ns

") 420nm

\,Q

laser
coupling

! ——19)

9)

QR
Effective Rabi frequency: () = Ro°b
2\
Q5°  [Qr[*
. _ e 5{3 :5_ .
Light-shift: Oes ( IA IA



laser
coupling

e

=

— )

\,Q

Coherent excitation to the Rydberg states

— I

1013nm

———c -

— 639

420nm

~—|g)
R

Excitation time (us)

—g)

Bernien 2017, Levine 2019

7-6P3/2 = 113 ns



Coherent excitation to the Rydberg states

e Bernien 2017, Levine 2019
% —Ir)
1013nm
S R
—_— 6P3/2 7-6P3/2 = 113 ns
= ") 420nm
laser
coupling — > Q |g>
\%
9)
Rydberg excitation probability (-pulse):
raw data 97%, corrected 99%
1.0
<os{l ) T ]
0.0 +——-H
0 1

Excitation time (us) Excitation time (us)



Optical detection of Rydberg atoms

Atom loss

O.5mKl \/
T=30pK

Rydberg
excitation

_/\Qﬂ

Leave trapping region
(1 um) in < 5 psec

Efficiency > 95%



Optical detection of Rydberg atoms

Atom loss “Optical” detection

O.5mKl \/
T=30pK

Rydberg
excitation

_/\Qﬂ

Leave trapping region
(1 p,m) in<5 sec Schauss, Nature 491, 87 (2012)

Efficiency > 95% Efficiency > 95%



Trapping Rydberg atoms

Ponderomotive potential
Rydberg = ~ almost free e

e .
E-fieldat w = Vp = 5 E?
e core 4m£[’]w
Rydberg not trapped in tweezers Ground state Rydgerg
.
Solution: “hollow trap” for ~r

Rydberg trapping

Holographic generation
of bottle-beam trap
(measured intensity)

25 um



The bottle beam trap

Chaloupka Opt. Lett. 1997; Ozeri, PRA 1999

SLM

Interference

Measured
intensity

25 um






Demonstration of Rydberg trapping

NADS
Asphencal

10?

Tweezers
SLM

Bob

175

I|;| {I'nW.fumi:I

Barredo, PRL 124, 023201 (2020)

%

Ponderomotive potential
for the electron (repulsive)

Vp(r) =

2

=

[ ]

L

2 0L
-t
g

=

o

bt

[

o=
rI

=R
=

Time 7 (ms)

| B Free flight ]
i o ]
IE“l ¢ BoB trap |
""-..‘_‘-‘1)\ 4
= ==
= B
15, .
|
I "‘-\___“_
l-?—--.______-_-_---_--_
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Uniym (R) = / BrVe(R A+ 1) [Gnjm, (7))

g1 (r)
2MmeepC w%

Also:

circular atoms

Brune & Sayrin
PRL 2020



Recapture Probability

Measuring Rydberg lifetimes

1073

B J 100 £ 300 ~
| :“ ,,/l
— > ,/
4!‘\ ;*;’ o .;;\‘& &
N © > "0 200 g
0 \\ i //
A\ 09_ O ~ o
. 0 o, =
% 51072 %0 3
' = =8 51000
\ d:B B \\\’ ,,/’
= + 605]_/2 10_3 = + 8451/2 —\Y‘_
0 - 1000 0 1000 0 60 20 100
Time 7 (us)

Time 7 (us)

Principal quantum number n

Barredo, PRL 124, 023201 (2020)
See also Cortifias, PRL 124, 123201 (2020)



Interactions between Rydberg atoms and spin mod

€ B e
. . Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals

2-atom energy

199)

Quantum Ising

H=Y Jioel)
1]
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Van der Waals blockade

>
B0
b x>
Ll 1

laser E ® ‘

coupling — < Er x> 5 A> |g'l°>, |,,.g>
o i

— |g) = Q
0] -~ lgg)

Jaksch et al., PRL 2000
Lukin et al., PRL 2001

Rb Interatomic Distance

Browaeys & Grangier,
Saffman, Nat. Phys. 2009



Van der Waals blockade
——=|r)
Q

>
B0
g S
L

laser E @

wuplng < R OKZ : > lgr), Irg)
o)

~—|g) = Q
0] -~ lgg)

Rb Interatomic Distance

Blockade: Vyqw > hf2 E— 177} is not resonant.

" No double excitation: P, =0

1
" Enhanced coupling /22 ) between|gg) and Eﬂg?“) + |7“g))

Jaksch et al., PRL 2000  Browaeys & Grangier,

!
Lukin et al., PRL 2001 Saffman, Nat. Phys. 2009 Entanglement!



Van der Waals blockade

e

—

——=|r)

\*Q

laser
coupling

Y

9)

Blockade: Vyaw > h{)

" No double excitation: P =0

" Enhanced coupling ( V20

Jaksch et al., PRL 2000
Lukin et al., PRL 2001

8
5 |
S
.. R
< Er = A> lg7), |rg)
o [
= Q
0 ~ |99)

Ry,  Interatomic Distance

P —— 1Py Py

Probabilities

0.00 0.95 0.50 0.75

Excitation time (ps)

Browaeys & Grangier,
Saffman, Nat. Phys. 2009



Excitation dynamics, varying the blockade radius

T ol fim/e Full blockade:

0.8} Oscillations atv/ N}

0.6} max

0.4} R =1/N
0.2

m— 0 0NN |

10 um "0 2 4 6 8 1012




Excitation dynamics, varying the blockade radius

Ry fr
10! Rpi/a Full blockade:
T 0.8| Oscillations atv/ N
0.6} max __
0.4} R — l/N
—— 02?
10 Hm 082 46 8 1012-
fr
A
1.0}
L., 0_3} * [ o Independent atoms:
. O 0.6} Oscillations at {2
‘et 0.4} max 1
0.2} R —
S 0.0 Qt

10 pm 0 2 4 6 8 1012



Excitation dynamics, varying the blockade radius

1.0}
0.8}
0.6}
0.4}
0.2}
0.0

fr
1ol Rpi/a Full blockade:
0.8} Oscillations atv/ N}
0.6 max
0.4 R = 1/N
0.2¢
0% 2 46 8 1012
A
1.0}
0.8 .
06l ﬁ Dynamics:
0.4}
0.2}
O 246 81012
. [ o Independent atoms:
Oscillations at €2
max 1
RO =

Qr

0

2 4 6 8 10 12



Full blockade with many atoms

= = =
—_ on —_ on —_ o

=
-
on

— 0

probability to have all atoms in the ground state ||])

=
-
o

—
p—

3 Iatr;:»r_rls

v 9 Iatr;:-r_ris.
W

-
-
2 |

—
p—

Also: Saffman, Kuzmich, Bloch, Pfau, Ott...

normalized excitation pulse area (£2,7)

| I 12 atoms
b [
I PJ-
| I 15 atoms
: 1l o,
i [ L~ e
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Some references to Rydberg physics and QS

“Rydberg atoms”, T. Gallagher, Cambridge (1994).

“An experimental and theoretical guide to strongly interacting Rydberg gases”, R.
Loew, J. Phys. B 45, 113001(2012).

“Quantum Information with Rydberg atoms”, M. Saffman, T. Walker, K. Moelmer, Rev.
Mod. Phys. 82, 2313 (2010).

Special Issue on Rydberg Atomic Physics, J. Phys. B (2016) contains many reviews:

“Experimental investigations of the dipolar interactions between a few individual
Rydberg atoms”, A. Browaeys, D. Barredo, and T. Lahaye, J. Phys. B 49, 152001 (2016).

“Quantum simulation and computing with Rydberg-interacting qubits”, M. Morgado,
S. Whitlock, AVS Quantum Sci. 3, 023501 (2021).

“Many-body physics with individually controlled Rydberg atoms®, A. Browaeys and T.
Lahaye, Nat. Phys. 16, 132 (2020).



Questions?



1. Arrays of individual atoms

2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing

D. Synthetic Topological matter

4. Digital guantum computing
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2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing
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4. Digital qguantum computing




Interactions between Rydberg atoms and spin mot

€ B e
. . Browaeys & Lahaye, Nat.Phys. (2020)
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Interactions between Rydberg atoms and spin mod

€ B e
. . Browaeys & Lahaye, Nat.Phys. (2020)

van der Waals

2-atom energy
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Quantum Ising

H=Y Jioel)
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From van der Waals to Ising

—= |r)
—|Q

>
oo
5 2E g > 1)
N
laser o f
coupling 2, Er A~ : A> 1), )
o i
—lg)— 1) F {2
0 - |14)
Ry,  Interatomic Distance
Quantum Ising model:
- - r) = It
— i S 6~ o o J—
=g ot A - X
i 1 i<y Y )
Transver Longitudinal Spin-spin
se B B interaction . l9) = |])

Rydberg occupation number 'n,i = "r‘z) (7“2| = (1+ 02)/2



Rydberg blockade and anti-ferrommagnetic order
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Rydberg blockade and anti-ferrommagnetic order

RbNCL — ~ ()

Nearest-neighbor blockade

a
O 00000
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cool @ O=lg
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Rydberg blockade and anti-ferrommagnetic order

Rb ~ O—g ~ ()
.
Nearest-neighbor blockade Antiferromagnetic ground state
a

O000O0O0 Ce0eo0e
O O O QO 70 ® O e O e O
cool @ O = |g) Ceo0ce@O0 e

R, QO oNee ®=|r) " JeN Nl e
N (] 00 O OCe0e0 e
O.1.0 0 0 0O Yol Yol We



Rydberg blockade and anti-ferrommagnetic order

Rb ~ O—g ~ ()
.
Nearest-neighbor blockade Antiferromagnetic ground state
a

O000O0O0 "X XX Xe
O O O QO 70 C ® 0O @O @
cool @ O = |g) "YeR NoX Xo

R, QO oNee ®=|r) Ceo0eoe
N (] 00 O 00000
O.1.0 0 0 0O O3 Jol Yol



Phase diagram on a square lattice

\ Ising AF phase diagram Ry ~a
©=lg 200
O 000
® ‘T> 1% coo0o0
PM 1.5}
O0O0O0 000
O0O0O0 0 00
000O0 0.5 XXX
O0O0O0O0 0 00

| O (N P I
-4 -3 -2 -1 0 1 2 3 4 ps




Probing anti-ferromagnetic order on a square lattice

Ising AF phase diagram Ry ~a
‘g} 0000
O 00O0
) NS S
PM 15p U hQ. ~ 1.25U
S
O0O0O0
T oooo0
O0O0O0
O00O0
e e

—4 -3 =2 -1

O ﬁ Cs . .
H:Z( 2()Jm—h§(t)ﬂg)+zﬂ—gﬂlnj

/ ) Vary Rabi frequency and detuning
- to explore the phase diagram

time (us)
6.0




Preparation of a 2D Ising anti-ferromagnet on a

10x10 square array

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019:
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021



Preparation of a 2D Ising anti-ferromagnet on

10%x10 square array Perfect AF (Néel) ordering!

sweep

n=75S

Missing atoms = Rydberg

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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Preparation of a 2D Ising anti-ferromagnet on
10%x10 square array Perfect AF (Néel) ordering!

sweep

n=75S

Missing atoms = Rydberg

(8x8) el
S
S LOp
E
o
S 05
a
0.05570 0.5 1.0 1.5 2.0
States x 10

1D: Pohl PRL 2010; Bloch Science 2015; Lukin Nature 2017, 2019:
2D: Lienhard PRX 2018, Bakr PRX 2018; Lukin Nature 2021



Preparation of a 2D Ising anti-ferromagnet on a

10x10 square array

Cri ~ (ngng) — (ng)(na)
EEEEEEEEE S 0650
Bl EEEREREEE = I
» N EEEEEEE
. EEN
EEEEEEEE = ||
N EEEEEEEEEEE =
© B EEEEEEEEEEE =
© B EOEEEOEOE N

| BENEEEEEE EREREEE N | oo $
FEFENENENENET.

Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)
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Preparation of a 2D Ising anti-ferromagnet on a

10x10 square array

sweep
n=75S
Cri ~ (ngng) — (ng)(na)
I.I=======I.I IO'&SO Correlation length: (8.9 + 0.2)a
2 I 1.0 °r
....= T 08¢
| IIIIII=IIIIIIII | 0 0.6 o5, o
¥ B EEEEEEEEEEECE S 041 °%~<bo%©
¥ EEEEEEEEEEEEE . K O, ,
| BENEEEEEE EEEEENE N | oo S 3 e &,
¥ EEEEEEEEEEEEE o - -1
— IIIIII=I=IIIIII n S 02
. _E_ EEEEEEEEEEE = ||
EE - I
| 0.1 i
0 5 10

N EEEREN
.l.=======... 0650 Euclidian distance/a

Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)



Preparation of a 2D Ising anti-ferromagnet o

14x14 square array

sweep

182-atom antiferromagnetic cluster!

Scholl et al., Nature 595, 233 (2021) Also: Ebadi et al., Nature 595, 227 (2021)



Benchmarking the dynamics on a square

LY
Q(t), (1) PM 15p U . ~1.25U

P T~ time (us) 0.5}
0.51.5 tOH 6.0 Y (S P P
-4 -3 -2 -1 0 1 2 3 4 35

Staggered magnetisation: Mstag = (N4 — nB|)

@ . @ 6 a' ]?\)/;II)DSideal
B ABA E___—MPS:
ABA® s | P
B ABA
0 2 4 6
toft (145)

Including experimental imperfections: Uii, i, 0; , real ramp...



Benchmarking the dynamics on a square

LY
Q(t), (1) PM 15p U . ~1.25U

P T~ time (us) 0.5}
0.51.5 tOH 6.0 Y (S P P
-4 -3 -2 -1 0 1 2 3 4 35

U
Staggered magnetisation: Mstag = (N4 — nB|)
a . e . . a' ]?\)/;II)DS ideal Accurate
B ABA | —wes | MPS limited
aAeae® £ 2 to 10 x 10
eAa®48 (14 days!!)
0 2 4 6
tott (145)

Including experimental imperfections: Uii, i, 0; , real ramp...



Benchmarking the dynamics on a square

LY
PM 15t V' oo~ 1950
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2D Ising anti-ferromagnet on a square beyond NN interacti

Star

Disordered

R.honibic ]
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Ebadi, Nature 595, 227 (2021)
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2D Ising anti-ferromagnet on triangular lattices

Ising AF phase diagram on triangle Ry ~a
o'o’o’ i
U
..... ol hQ. ~ 0.75U

1/3 phase: 2/3 phase:

Classical phases



2D Ising anti-ferromagnet on triangular lattices

Ising AF phase diagram on triangle Ry ~a
o'o’o’ i
U
..... ol hQ. ~ 0.75U

1/3 phase: ‘Order-by-disorder’ phase: 2/3 phase:
Geometrical

frustration
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Probing the 1/3 phase

h$2

RSl =~ 0.75U

PM phase 1/3 phase!

Scholl et al., Nature 595, 233 (2021)

9 i 4 B



2D Ising anti-ferromagnet on a triangle

2@ hQ 108-atom array
’o'o'o >
o'o’o’ PM
..... /
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Probabilities (%)

4_17
Staggered magnetisation: Mstag = NA + NB e’ B +nge's



2D Ising anti-ferromagnet on a triangle

hQ 108-atom array

. 0.5 1.0
Probabilities (%) Probabilities (%)

. er 4_11
Staggered magnetisation: Mstag = NA + NB e'’s +noe's



2D Ising anti-ferromagnet on a triangle

. 108-atom array
U

OBD phase? - 2/3 phase

nA

ﬂ’n,c
(| e —
0.0 0.2 0.4 0.0 0.5 1.0
Probabilities (%) Probabilities (%) Probabilities (%)
;2 s 4

Staggered magnetisation: Metag =NA+Npe' 3 +nge's



2D Ising anti-ferromagnet on a ruby lattice: spin liguid?

Semeghini, Science 374, 1242 (2021)

A




2D Ising anti-ferromagnet on a ruby lattice: spin liquic?

Semeghini, Science 374, 1242 (2021)
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Rydberg quantum simulators can explore
physics never directly observed before !!




1. Arrays of individual atoms

2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing

D. Synthetic Topological matter

4. Digital qguantum computing
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Quench in Ising Hamiltonian
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Quench in Ising Hamiltonian
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Quench in Ising Hamiltonian
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Quench in Ising Hamiltonian
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Quench in Ising Hamiltonian

$4444 — =77 |] =77

(] =0= == =0~ =0 -0
1D with periodic boundaries
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Schauss, Nature 2012
Lesanovsky, PRA 2012 0.00
Petrosyan, PRA 2013




Quench in Ising Hamiltonian

$4444 — =77 |] =77

(] =0= == =0~ =0 -0
1D with periodic boundaries
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Studying the quantum phase transition

Adiabaticity criteria:

) 5000
N coo0o0 /QPT H(t) = (1 — )\(t))H{'] ‘I‘-}\(t)HI'\rIE
ocooo e0eo0 XXX AE(t)Z
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Studying the quantum phase transition

o0o0oo
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00o0O0
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QPT

Adiabaticity criteria:
H(t) = (1 — A(t))Ho + A(t)Hygs
AE(t)?

(w0 (0)| S (1)) < =5

o000
o000
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'...0

But...gaps close at the QPT!!



Studying the quantum phase transition

Adiabaticity criteria:

) 5000
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ocooo e0eo0 XXX AE(t)Z
oss AFlsgsg 2 0Igme) < 55
6ooo Ceoe 0000’5

But...gaps close at the QPT!!

Sweeping too fast — create defects 1D:keesling, Nature (2019), 2D: arXiv.2012.12281
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Studying the quantum phase transition

Adiabaticity criteria:
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Sweeping too fast — create defects 1D:keesling, Nature (2019), 2D: arXiv.2012.12281
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Studying the quantum phase transition

Adiabaticity criteria:

) 5000
N coo0o0 /QPT H(t) = (1 — )\(t))H{'] ‘I‘-}\(t)HI'\rIE
ocooo e0eo0 XXX AE(t)Z
oss AFlsgsg 2 0Igme) < 55
6ooo Ceoe 0000’5

But...gaps close at the QPT!!

Sweeping too fast — create defects 1D:keesling, Nature (2019), 2D: arXiv.2012.12281
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Non-equilibrium: thermalization of closed many-body syste

Question: do closed systems always reach equilibrium?

Answer: it depends... ETH, many-body localization



Non-equilibrium: thermalization of closed many-body syste

Question: do closed systems always reach equilibrium?

Answer: it depends... ETH, many-body localization

Quantum scars in 2D (1D: Lukin Nature 2019)
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1. Arrays of individual atoms

2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing

D. Synthetic Topological matter

4. Digital qguantum computing




Interactions between Rydberg atoms and spin mode

/eﬁ

e

B
. Browaeys & Lahaye, Nat.Phys. (2020)

2-atom energy

H

Resonant dipole
¢ ns,n'p) V [n'p,ns)

XY model
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= Jgj (Ui 0 + 0 2y
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Resonant dipole-dipole interaction between Rydberg ato
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Resonant dipole-dipole interaction between Rydberg atoms
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Resonant dipole-dipole interaction

—|n/p) = 1)
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Resonant dipole-dipole interaction between Rydberg atc

A B
n\' (> )
S) " - & g |9)
R3
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“exchange” of P excitation (XY model)



Resonant dipole-dipole interaction between Rydberg ato

Prepare | P.S) using microwaves + addressing beam
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Interaction time t;,; (us)

Barredo PRL (2015)
de Léséleuc, PRL (2017)



Resonant dipole-dipole interaction between Rydberg ato

Prepare | P.S) using microwaves + addressing beam
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Resonant dipole-dipole interaction between Rydberg ato

Prepare | P.S) using microwaves + addressing beam

8 = ° My ¢ Hy
R=30um =
205
Cy 2
Frequency: —= ~ 0ok . | . .
R3 0.0 0.5 1.0 1.5 2.0 2.0
Interaction time t;,; (us)
OO
C
Quantization . 54.7
axis (B)

(C5(0) o 1 — 3 cos? 6

4
<

270°




Resonant dipole-dipole interaction between Rydberg ato

Prepare | P.S) using microwaves + addressing beam
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Ising vs XY model

Ising model
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Antiferro J;; < (

e (1/2) Triangle (1/3)
eceoceO0 2 g e
cecece r—rityg ...
ceoceoe =

Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs XY model

Ising model

e (1/2) Triangle (1/3)
eceoceO0 2 g e
cecece r—rityg ...
ceoceoe =

Ground state (1/2, 1/3...) =
classical Néel configurations

XY model



Ising vs XY model

Ising model XY model

H Z Ljﬂm px f:r: ZJI'J(GA' ‘I—U )
{1,7) (4,7) /

Antiferro Ji; <0 Competing order along x / along y

Trangle (1/3)

S e S

2R
TR e DU
Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs XY model

Ising model XY model
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eceoceO0 2 g e
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Ground state (1/2, 1/3...) =
classical Néel configurations



Ising vs XY model

Ising model
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Ising vs XY model
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Ising vs XY model

Ising model
(2,7)
Antiferro J;; < (
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Ground state (1/2, 1/3...) =
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Ground state (1/2) =
non-classical entangled state



XY model on a square lattice (1/2 filling)

Ansatze wavefunctions \
continuous U (1) symmetry

M* = E o;  conserved
i




XY model on a square lattice (1/2 filling)

Ansatze wavefunctions \
continuous U (1) symmetry

M* = E o;  conserved
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(XX)E >0
<XX>§JNN > 0



XY model on a square lattice (1/2 filling)

Qoo Q o .

AN ; Ansatze wavefunctions \
LN continuous U (1) symmetry
CED-Qﬂ Ci) M?* = Z o;  conserved

XY antiferromagnet

(XX)E >0
<XX>§JNN > 0



XY model on a square lattice (1/2 filling)

Qoo Q o .

AN ; Ansatze wavefunctions \
LN continuous U (1) symmetry
CED-Qﬂ Ci) M?* = Z o;  conserved

XY antiferromagnet




Experimental preparation of XY ferro- & antiferromagnet

J a’
Start from Hi, = =3 Z T—S(Ufa;‘-” -+ 05’(7;-/) + ho Z o;
(J/h ~ 0.8 MHz) <j ¥ i€B ™\ staggered
Hxy Hy

1. Prepare a classical Néel state along z: checkerboard pattern

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Experimental preparation of XY ferro- & antiferromagne

Start from Hi, = —— Z 0 0 + ayay + ho Z 0
(J/h ~ 0.8 MHz) 1<J Z] 1€b \ staggered
Hxy Hy

1. Prepare a classical Néel state along z: checkerboard pattern

i
ottt
3 ***?*#

Freq
b =607 [-§- -4
1) = 6051 /2) | = oo

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Experimental preparation of XY ferro- & antiferromagne

Start from H,; = —— Z (0 0;-” + Ug/a;’) + ho Z o;
(J/h ~ 0.8 MHz) 1<J Z] i€B "™\ staggered
Hxy Hy

1. Prepare a classical Néel state along z: checkerboard pattern

* Q:*:*f # apply local light-shifts

I

Freq,© A € B
b =607 [-§- -4
= e0sy)l— F.0

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Experimental preparation of XY ferro- & antiferromagnet

J a’
Start from Hi, = =3 Z T—S(Ufa;‘-” -+ 05’(7;-/) + ho Z o;
(J/h ~ 0.8 MHz) <j ¥ i€B "™\ staggered
Hxy Hy

1. Prepare a classical Néel state along z: checkerboard pattern

Microwave

+

o A * ‘* Microwave

Freq,© 4 € B

1) = l60P; o) [— *
)

ngi\:id;ﬁ apply local light-shifts

Microwave on resonance

|T) = 16051/2) "' A Fidelity (>90%/atom)

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Experimental preparation of XY ferro- & antiferromagnet

J a’
Start from Hi, = =3 Z T—S(Ufa;‘-” -+ 05’(7;-/) + ho Z o;
(J/h ~ 0.8 MHz) <j ¥ i€B "™\ staggered

HXY HZ
2. Adiabatically decrease to prepare the XY AFM / FM

**** Exy/J

i&";g}# R

Freq,© 4 € B

+) = [60Py/p) | =—— -*- | -Jﬂ#; # — hﬁ/'}
1) = (605} /2) _$_ I

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Experimental preparation of XY ferro- & antiferromagnets

Start from H,; = —— Z (0 aj-” -+ Ufa;-/) + ho Z o;
(J/h ~ 0.8 MHz) 1<J 2“7 i€B "™\ staggered
Hxy Hy

2. Adiabatically decrease to prepare the XY AFM / FM

Freq,© 4 € B
1) = l60P; o) [— *

RTY) I S A

C. Chen et al., Nature 616, 691 (2023) Sgrensen et al., PRA 81, 061603(R) (2010)



Observation of Long-Range FM order

Light-shift

t=1s

C. Chen et al., Nature 616, 691 (2023)
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Observation of Long-Range FM order

Hghthift 7| read-out 10 x 10 = 100 atoms
2 X-basis
t=1s >
0.35
0.3 0.30 -
Ferromagnet:
M Long-range order
00 _ o2} ® g B
: | # S +
2 015} el 37 T ﬁ'
KA
0.10 - AFM
0.05 F . +
0.00 | i ?% ©0%0b o o &b abdad f@ &H’Jf
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Antiferromagnet: LRO destabilized by frustration

q L] L]
Important role of 1/7° interaction
Feng et al., Nature 623, 713 (2023)

C. Chen et al., Nature 616, 691 (2023) Shierski et al.. arXiv:2305.03673



Spin squeezing from a non-linear Hamiltonian

Protocol: Collective spin: J, = E a5 Quantum

projection noise

1) Initialize: [Yo) = | =, — ...}y = (| 1) + 4| L)®N

“Coherent spin state”




Spin squeezing from a non-linear Hamiltonian

Protocol: Collective spin: J, = E a5 Quantum

projection noise

V4
i=1 “ X
) yl

1) Initialize: [Yo) = | =, — ...}y = (| 1) + 4| L)®N

“Coherent spin state”

2) Time evolve with H:  [1)()) = e~ "H|ay)




Spin squeezing from a non-linear Hamiltonian

Protocol: Collective spin: J, = E a5 Quantum

projection noise

V4
i=1 “ X
) yl

1) Initialize: [Yo) = | =, — ...}y = (| 1) + 4| L)®N

“Coherent spin state”

2) Time evolve with H:  [1)()) = e~ "H|ay)

3) Measure squeezing at time t:

Improve phase resolution by reshaping (J,)]
. . . . AJ.AJ, > y
quantum spin projection noise




Spin squeezing in OAT vs XY

Ideal case: Kitagawa, Masahiro & Ueda, Masahito, PRA 47(6), 1993

One axis twisting (OAT): Hoar = XJ? =X Z G.0 j all-to-all

1,]



Spin squeezing in OAT vs XY

Ideal case: Kitagawa, Masahiro & Ueda, Masahito, PRA 47(6), 1993

One axis twisting (OAT): Hoar = XJ? =X Z G.0 j all-to-all

0]
Intuition: Dipolar XY: “same” structure:
4 o o o )
Hll-to-all Xy X Z(U;U% + 0,0, +0.0)) — Z oo’
1<9 1<j
Hall—to—all XY — HHeisenberg — HOAT
/
Commutes with o Drives the

L | —,— ...), IS an eigenstate | dynamics )




Spin squeezing in OAT vs XY

Ideal case: Kitagawa, Masahiro & Ueda, Masahito, PRA 47(6), 1993

One axis twisting (OAT): Hoar = XJ? =X Z G.0 j all-to-all

1,]

Intuition: Dipolar XY: “same” structure:

Is 1/r® long-range enough to generate squeezing?



Experimental observations of spin squeezing

Pezzé et al., RMP 2018

Hot / cold atomic vapors Bose-Einstein condensate (OAT)
differ. photocurrent 8- — Vyy S
41 § |b) 4 2
E O — g - |a) ' i
- " 3 B =
SOy 2 A A A
’ ey % Oberthaler, Treutlein,
Polzik (1999), Giacobino, Mitchell, Nascimbene... 7 ! Klempt, Reichel, ..
Cavity QED + cold atoms (OAT) lon crystal (~OAT)
('c'l) Lathce potential 1.0

bt
13
T

A!oms

hﬁﬁ

Vuletic, Kasevich, Thompson (JILA), Je, . .
Schleier-Smith... Bollinger, Science 2016

Kasevich, Nature 2016
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Dipolar squeezing with Rydberg atoms

6 x 6 atoms
I}f

= t
5| >

o~ ——=——-=] SQL
O--(I)QIF?.I.I...I-

Minimum variance!
G. Bornet et al., Nature 621, 728 (2023)
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Dipolar squeezing with Rydberg atoms

6 x 6 atoms
I}f

Jog = cos(0)J, + sin(0).J,

Att=0.3 us
e
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Minimum variance!
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G. Bornet et al., Nature 621, 728 (2023)
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Dipolar squeezing with Rydberg atoms

6 x 6 atoms
I}f

Jog = cos(0)J, + sin(0).J,

Att=03ps
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Minimum variance!
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G. Bornet et al., Nature 621, 728 (2023)




Scaling of squeezing with atom number

—1t Simulations Theory:
¢ Raw data
¢ Corrected data Comparin et al., PRL 129, 150503 (2022)
Block et al., arXiv:2301.09636
~2f Roscilde et al., PRB 108.155130 (2023)
)
®)
-3t Other platforms:
N
d Rydberg dressing:
4+t Hines et al., PRL 131, 063401 (2023)
Power-law fits: Eckner et al., Nature 621 (2023)
o N —0-18(2)
_5! o N —0-25(2) lons:
| | Franke et al., Nature 621 (2023)
10 100
N

Conclusion: scalable squeezing with dipolar interaction

G. Bornet et al., Nature 621, 728 (2023)



3. Examples of quantum simulations

D. Synthetic Topological matter l I u



The Su-Schrieffer-Heeger model

* |Introduced to explain conductivity in polymers

VOLUME 42, NUMBER 25 PHYSICAL REVIEW LETTERS 18 JUNE 1979

Solitons in Polyacetylene

W. P. Su, J. R. Schrieffer, and A. J. Heeger
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104

°*

T 1

2\ /‘\ \c AN N
oLl

* Now, considered as simplest example of topological model

Asboth, arXiv:1509.02295, Cooper, arXiv:1803.00249

* Goal: build a synthetic SSH system to explore role

* Symmetries
* |nteractions



The Su-Schrieffer-Heeger model

A Model: tight-binding
2] : dimerization:.J’

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



The Su-Schrieffer-Heeger model

,X‘ .]” _— ﬂ
A Model: tight-binding
2] ' dimerization:.J’

\Xv

Sub-lattice symmetry — symmetric single particle spectrum

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Single-particle SSH spectrum (finite chain): edge state

A ]
: T’
I3
E 4
7 — Iw*
Band gap
() e
7 —

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Single-particle SSH spectrum (finite chain): edge st

edge
AW A W
. Kk J’! J
B B
((Bulkn edge
F ¢ F ¢
741 —— IQ.}’ J + m— I 2.J'
R)
R o — 0 4-- e
L)
—.J — —.J r—

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Single-particle SSH spectrum (finite chain): edge stz

edge

/ /
. J BJ i

E 4
r} —— .| I 2 }!
() o
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Normal

“Bulk” edge

E 4

r} L | I 2'.I|f
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ﬂ ——— . - N —
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_E}' L |

Topological

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Single-particle SSH spectrum (finite chain): edge st

edge
AW : W
- T’ J’ J
I3 B

“Bulk” edge

F ¢ / Implement hopping with resonant

J dipole-dipole interaction I 2.1’
A
—
L o—0 {mmxm) | -— : ]
—.J - —.J 4 m—
Normal Topological

Asboth, arXiv:1509.02295
Cooper, arXiv:1803.00249



Implementation of SSH spin chain with Rydberg atom
Science 365, 775 (2019)
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Implementation of SSH spin chain with Rydberg ato

Science 365, 775 (2019)

J" =0 Topological

270°

180°



J/h=24MHz J /h=—-0.9MHz



Probing the single-particle SSH spectrum

@))) p—
gz,uu
ss.sy
vacuum

1 excitation| P)

Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal
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Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal Topological
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Q b3 states
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Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal Topological
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Microwave detuning A, /(27) (MHz) Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal Topological

Q Z states
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vacuum é
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1 excitation | P)

Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal Topological
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< Edge
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Science 365, 775 (2019)



Probing the single-particle SSH spectrum

Normal Topological
@) ] — T 05
0 % """""" states
LW
55..5) [
vacuum Challenge / questions

interplay topology - interactions

Left Right Sub-lattice symmetry v/

v

Q A
(o) o
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Microwave detuning A, /(27) (MHz)

Science 365, 775 (2019)



Realization of an interacting topological phase in 1d

1) (= |P)
Spin excitation = “particle” )
[l) ——|S)

Atom cannot carry 2 excitations — excitations = hard-core bosons

On-site interaction U — oc
- e

Hg= Y  Ji(blb; +bbl), bl* =0
€A, JEB



Realization of an interacting topological phase in 1c

1) f—— |P)
Spin excitation = “particle” )
[l) ——|S)

Atom cannot carry 2 excitations — excitations = hard-core bosons

On-site interaction U — oc
- e

Hp = Z J-I'_j(bl-bj + bib;), bjz = (
icA,jeB

MW sweep — add excitations 1 by 1 — ground state of interacting SSH




Realization of an interacting topological phase in' 1

1) f—— |P)
Spin excitation = “particle” )
[l) ——|S)

Atom cannot carry 2 excitations — excitations = hard-core bosons

On-site interaction U — oc
e )
i€A,jEB

MW sweep — add excitations 1 by 1 — ground state of interacting SSH
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Realization of an interacting topological phase in 1c

1) f—— |P)
Spin excitation = “particle” )
[l) ——|S)

Atom cannot carry 2 excitations — excitations = hard-core bosons

On-site interaction U — oc
- e

Hp = Z J-I'_j(bl-bj + bib;), bjz = (
icA,jeB

MW sweep — add excitations 1 by 1 — ground state of interacting SSH
Correlated % - filled bulk

JEANRL NN




Robustess of the many-body ground state / symmet

Single-particle

vacuum |L>

Single-particle case

R)

Broken chiral symmetry
— lifts degeneracy

0 Q : 2
—1.0 —0.5 0.0 0.5 1.0
Microwave detuning A, /(27) (MHz)




Robustess of the many-body ground state / symmetry

Single-particle Many-body (1/2 filling)
K
£ —
/ _____ — [R)
vacuum |L} Empty

—1.0 —0.5 0..0 0..5 1.0
Microwave detuning A, /(27) (MHz)



Robustess of the many-body ground state / symmetry

Single-particle

y ) —

vacuum |L>

—1.0 —0.5 0..0 0..5 1.0
Microwave detuning A, /(27) (MHz)

Many-body (1/2 filling)

91.0 —(l).5 0..0 0..5 1.0
Microwave detuning A, /(27) (MHz)



Robustess of the many-body ground state / symmetry

Single-particle Many-b ody (1/2 filling)
K
£ —
/ _____ — [R)
vacuum |L> Empty

Q.
Interacting

particles

—1.0 —0.5 0..0 0..5 1.0 91.0 —(l).5 0..0 0..5 1.0
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Robustess of the many-body ground state / symmet
Single-particle Many-body (1/2 filling)

\
Il

[T\

vacuum

A symmetry protected topological phase N\O
xS

= only possible topological order in 1d
Pollman, PRB 85, 075125 (2012)

\ R v v JTITT ucst‘/erate!

Interacting ’“
particles
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Questions?



1. Arrays of individual atoms

2. Rydberg atoms and their interactions

3. Examples of quantum simulations
A. Exploration of phase diagrams
B. Out-of-Equilibrium dynamics
C. Ground state preparation & squeezing

D. Synthetic Topological matter

4. Digital guantum computing




Digital quantum computing: First proposals

VOLUME 85, NUMBER 10 PHYSICAL REVIEW LETTERS 4 SEPTEMEER 2000

Fast Quantum Gates for Neutral Atoms

D. Jaksch, J. 1. Cirac, and P. Zoller
Institur fiir Theoretische Physik, Universitdt Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

5. L. Rolston
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

R. Coté! and M. D. Lukin®

VOLUME 87, NUMBER 3 PHYSICAL REVIEW LETTERS 16 Jury 2001

Dipole Blockade and Quantum Information Processing in Mesoscopic Atomic Ensembles

M. D. Lukin.! M. Fleischhauer.! and R. Cote?

UTAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachuseris 02138
2Fachbereich Physik, Universitdr Kaiserslautern, D-67663 Kaiserslautern, Germany
*Physics Department, University of Connecticut, Storrs, Connecticut (6269

L. M. Duan, D. Jaksch, J.1. Cirac, and P. Zoller

Institut fiir Theorvetische Physik, Universitdt Innsbruck, A-6020 Innsbruck, Austria
(Received 7 November 2000; published 26 June 2001)



Digital quantum computing: Rydberg gates

Two-qubit gates

2T

1 L
0}

Control Target

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing: Rydberg gates

Two-qubit gates

\ .
| &
Control Target

Input @ @ @ Output
00 00

C,opefdion: o o o 00

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing: Rydberg gates

Two-qubit gates

o 2
\ .
1)
0) —le+
Control Target

Input @ @ @ Output

C,opef@dion: o 00 00 o 00
01 01 o -01 o -01

0

0

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing: Rydberg gates

Two-qubit gates

) =7 S
@ @ @I', \\l

I I

| |« \ P

1) e _“\_Jl_
0) —_ —
Control Target

C,opefdion: o 00 o 00 o 00
01 o 01 o -01 o -01
10 o r0 o r0 o -10

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing: Rydberg gates

Two-qubit gates

V(R
» = —t
\
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\
| | \ "'271'
1) —e — —
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Control Target

C,operffion: o 00 o 00 o 00
01 o 01 o -01 o -01
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Blockade

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing: Rydberg gates

Levine -Pichler gate
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D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



From C, to CNOT

The CNOT gate can be obtained with the controlled-phase C,
and single qubit rotations (Hadamard)

OO0 O
o
|
p—

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



From C, to CNOT

The CNOT gate can be obtained with the controlled-phase C,
and single qubit rotations (Hadamard)

CNOT
C
. 1 0 0 0
(, 0O 1 0 O
O 0O 0 1
t /2 Z /2 0 0 1 0
CZ
1 O (0) 0)
O —1 O 0)
o O -1 o0
O O O -1

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



From C, to CNOT

The CNOT gate can be obtained with the controlled-phase C,
and single qubit rotations (Hadamard)

CNOT
C
. 1 0 0 O
T 8 0O 1 0 O
O O 0 1
t - /2 Z /2 o 0 1 0
CNOT Operation CNOQOT can be used to prepare entanglement
Input Output
00 - 00 Bell state
01 - 01 00 o (0+1)0=00+10 o 00+ 11
10 o 11 Rotatg CNOT
11 o 10 c-qubit

D. Jaksch et al., PRL 85, 2208 (2000)
Saffman et al., Rev. Mod. Phys. 82, 2313 (2010)



Digital quantum computing in arrays

Digital circuits applied to:
* Quantum phase estimation

14 C, gates

*  MaxCut problem

43 single qubit gates,
18 C, gates

2Q Bell state fidelity
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Graham et al., Nature 604, 457 (2022)



Non-local connectivity

Long distance transport enables programmable and non-local connectivity

Entangle pairs
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Bluvstein et al., Nature 604, 451 (2022)
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Non-local connectivity & error detection

Example: Preparation of a cluster state Rb

a 1D cluster state graph

OnOnOn0n0n0,0,000n0n000)

First parallel layer C;% . T >3 % 1:1 1;\
AN
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203 45 67 89 10 11 12
b 10} n/2) c 10 S, =2 X4 4
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6 |0) N 3
710) —{v(w2) < o4
8 0 > 2
9 [0) 8
10 |0Y Y (w2 x| 8 0.23
1110) &
12 |0) —{y w2) ) 0". -
+ Dynamical decoupling 12 stabilizers S;

Bluvstein et al., Nature 604, 451 (2022)



Non-local connectivity & error detection

c Toric code (on a torus) ® Data qubit
. - ® Ancilla Rb
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Bluvstein et al., Nature 604, 451 (2022)



Non-local connectivity & error detection

c Toric code (on a torus) ® Data qubit
. - ® Ancilla Rb

i ! Ancilla readout zong,,
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Bluvstein et al., Nature 604, 451 (2022)
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Transversal CNOT with logical qubits

d = 3 (four pairs)

oooooooooo

Z a=17
s < = s 2 z s 2 ] XL .......
Data X stabilizer
Ancilla Z stabilizer

Logical 1

=

Logical 2

Logical CNOT with surface correction

Q.

Logical Bell-pair error Logical Bell-pair error
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0.21

0.111
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Number of physical qubits per Bell pair

26 74 146
Q
o
. Conventional decoding
¢-. - Correlated decoding
3 5 7

Surface-code distance d

Errors decrease with
surface-code distance!

Hallmark of quantum
error correction

Bluvstein, Nature 626, 58 (2024)



A logical quantum processor in operation

7-dimensional hypercube circuit (48 logical qubit algorithm)

Entangling ‘. £ & & % & " € % E & 2

zone & i & = a u a i " Fl " 1 4 i
Storage i & B R B - : _
zone 1 4 =0 s ek o L & 5% 4

Bluvstein, Nature 626, 58 (2024) qguera.link/QEC1




A logical quantum processor based on atomic arrays

Sampling complex circuits
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Bluvstein, Nature 626, 58 (2024)



Evolution of the neutral atom platform

Neutral atoms vs other platforms
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Tweezer arrays: applications

Quantum simulation Optical clocks

PHYSICAL REVIEW X 9, 041052 (2019)

An Atomic-Array Optical Clock with Single-Atom Readout

y y
R

Ivaylo S. Madjamv,] Alexandre Cooper,1 Adam L. Shaw ,1 Jacob P. Covey,l Vladimir Schkolnik ,2

S BT R RL ) T S L Tai Hyun Yoon " Jason R. Williams®,?> and Manuel Endres®"
Setiiiiiiiiind Half-minute-scale atomic coherence and
""""""""" highrelative stability in atweezer clock
i IR g '- ~ https://doi.org/10.1038/s41586-020-3009-y Aaron W. Young'?, William J. Eckner'?, William R. Milner'?, Dhruv Kedar'?,

ia'2 Eri 2 ine'2 1.2 1258
Received: 18 June 2020 Matthew A. Norcia'?, Eric Oelker'?, Nathan Schine'?, Jun Ye'? & Adam M. Kaufman

Molecule engineering Tool for cQED Quantum gates
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Summary and outlook

A platform to build synthetic matter

* Single-particle resolution & addressing

* Easily scalable to 1000s qubits, arbitrary geometries (2D, 3D)
* Tunable interactions — implementation of many-body H
Future directions:

* Analog quantum simulation (spin liquids, LGTs)

* Applications in optimization problems (hybrid computing)

* Digital guantum computing (gate model)

* Hybrid plaftorms + optical cavities
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