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Analog Quantum Simulator: Digital Q Simulator and Q Computer:
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Individuabtomsin OpticalTweezers

Tightlyfocusedlaserbeams
deep trappingpotential
(~1 >m waist/ ~1 mK depth)

) ( Atoms can be loaded directly
from the Magneto Optical Trap,
no evaporation required, fast exp.
cycle (<1 s)

)(

through ahigh NA microsopic object Easilyscalable




Scalability of the platform

Arrays of laselbbeamsproducedvia
SpatiaLightModulators(SLM) and/or
Acousto-Optic Deflectors(AODS)
focusedthroughthe microscopeobjective
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Quantum Simulator:
Individualatomsin OpticalTweezers

Rydbergnteraction

A new platformcombining

very well known

optical technigues

for trapping andmanipulating
neutral atoms with addressabilityf

Individual quantum objects

Main differencewith respect to
traditional ultracold gases experiments
A Mesoscopic systems (~100 atoms)
A Any topology available

A High repetition rateg> 1 Hz)




High-n atoms to induce
interaction in the array

RydbergAtom

Table 1. Properties of Rydberg states.

Property n—scaling Value for 80S; /» of Rb

energy

i
(=)

2 —500 GHz

=100 Binding energy E, n-
.. 75 Level spacing E,. | — E, n-3 13 GHz

. 151 T Size of wavefunction (r) n’ 500 nm
4 |
< | Lifetime 7 n’ 200 ps
< 1.0 - | van der Waals coeffi- n'! 4 THz - pmd
S Il i .
> [ | cient Cg

0.5 A | |

strongly influenced by n
0.0

-1.0 -0.5 0.0 05 1.0
Displacement (um)

n=1 o r a*mme >




RydbergBlockade

 E 1 atom W B 2 atoms
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StrongvdW interactionblocksthe simultaneous
excitationof two nearbyatomsto the Rydberg state

Generation of entangled state:

g =k 4 ®



RydbergAnalogSimulator
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How wedoit In Florence:

OURWAY OUTLINE

38 88
Strontium gi
[Kr] 552

Alkaline Earth Metal

Strontium Atom ExperimentaSetup  Single Atom Trapping  Control System
and Detection




STRONTIUMATOM

strontium A Alkaline earth atom : 2 valence electrons
[ Kr] 5s

Alkaline Earth Metal A3 bosonic $4Sr,86Sr,88Sr) and 1 fermionic
(87Sr) isotopes

ATwo transitions useful for reachireK via
MagnetoOptical Trap (MOT)

A(Ultra) Narrow optical inter-combination
transitions

ALonglived metastable states, requiring
narrow linewidth lasers

Singlet
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- Sr % CLOCKTRANSITION

St::r?;:gm Magneticallyccessibladmixtureof °R,
Alkaline Earth Metal andm=0 of 3P, state
B
|¢cluck(8)> = |SQSP 3PU> + i |5‘>5P 3Pl>

hAo;
pe = \g(gt — gs)uB

B fielddependeniinewidth <0.5mHz
evenforl000 G field

rcluck(B) — F3P]




I8 GROUND STATECOOLING

[Kr] 552
Alkaline Earth Metal

Sisyphu€oolingvia single 68%eam

==

energy (arb. units)

position (arb. units)

AdaptedromV.Vlvanoret al., PR84, 063417 (2011)

A

3P, potentialdifferent(deepe) thanlS,

1S A °P; transition linewidth smaller
than trapping frequency

Atoms excitedto °P; at the bottom of
the trap

More energydissipatectlimbing the’P,
trapping potential thagainedolling
down the 1§ potential



57| RYDBER®&EXCITATION

Strontium
[Kr] 552

Lnaaey) Rydbergexcitationwith 2Eatoms 2 schemes with MHz level coupling

2-photon excitation 2-step excitation
(throughoff-resonant 3P,) (throughresonant °P,)
Reducedscattering rate 903 e 0= AV Singlephoton
andheatinglower excitationfrom
power requiredthan ~318.5 nm ~316.6 "M metastablestate
for alkalineatoms Only availablen
R — 3P1 2Eatoms
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EXPERIMENTAL , o
S ET U P & Atomic source

10! atomds flux for

88

Sr

Strontium

[Kr] 552
Alkaline Earth Metal

ooling and

deflection
MOT II
beams Coils systenaroundglasel
. HelmotzantirHelmotzcoils up to 950 G,

gradient> 100G/cm
. Compensatiorcoils for Earthmagnetidield
andstrayfields
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OBJECTIVHEobr detectionandmanipulatiorof singleatoms

Fluorescence detection and Tweezer

focusing through
Custom Special Optics objectives :

- NA =0.55

- FOV 0.3x0.3>m? at 461, 689 nm

- FOV 0.45x0.45m? at 813 nm

~ Diffractionlimitedat 461 & 813 nm

‘

=3°ceCGAL OPEiC)
A NAVITAR COMPANY first Blue Mot with homemade colls (2023)

v
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OURWAY OUTLINE

38 88
Strontium QE
[Kr] 552

Alkaline Earth Metal

Strontium Atom ExperimentaSetup  Single Atom Trapping  Control System
and Detection
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ﬂ TRAPPING STEPS:

ABSORPTIGLLIE Red multi frq MOT JRed single frqg MOT

1 1 0.40 0.40 0.40
Imagln 0.35 0.35 0.35
0 1.0
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3.0 0.15 3.0 U.1D 0.15
0.10 0.10
o 0.10 16 _
: ~ - 0.05 : ~ - 0.05 ; % ~ - 0.05
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14 55K
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Temperature F
N. of atoms F

.F
.F

x 1 atom /Al
x 1 atom/ tweezer
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MOT beams
intensity

Magnetic field

Tweezer
depth

Sisiphus beam
intensity

Imaging beam
intensity

EXPERIMENTAL SEQUENCE

Multifrequency SF Red

Blue MOT Red MOT MOT

LAC

Imaging and cooling

%R

150 ms 150 ms 50 ms 30
ms

250 ms

k]
~0.11 I ~ox10 1. SSNSIED° I.

_ ~40 G/cm ~5 G/cm
gradient Ve

~360 pK

~2x%10° I—F

T

~dx10° I

~1.3x10" I

Time



22@ ACHIEVINGSINGLEATOMS " [ Photon Countisiogan i

Probability
o
]

FLUORESGENCE
imaging

0 00
H Photon counts
| 1.0 _
" T Effect of Scattering Rate
> 0.8- & on SingleAtom Survival
6% 5 . Probability
S o 8 0.6-
s £
= T 0.4-
2n. = ]
= 2
. & 0.2
¢ 3
0.0 4 nnﬁﬁﬁooooooo
Vacuum lifetime =378 20 s 5 10 15 20 25
Scattering rate (MHz)

Survival Probability = 97 %
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LABSCRIRBUITE

. OpensourcePython -basedcontrol
system forheterogeneoushardware

. Multipleanalysibasedeedback
modes

L

RUNMANAG ER BLACS LYSE RUNVIEWER

. Dynamicvisualisatiomndanalysi®f /
output data.

. Remoteoperation& highlevel
SHOT 1

scripting DATA -FRAME
Hlpandas

. Extensible plugin architecture(Al).

@ University

https://lébscriptsuite.org

@, python” >
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PROGRESS STATUS
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CONCLUSIONSAND OUTLOOK

New platformfor a largevariety
of topicsin quantumphysics

Quantum simulation / many-body physics
A Quantummagnetism

A Out-of-equilibriumdynamics

A Direct measuremenbf entanglement

A Energy transport across topology & disorder

Quantum -technology -oriented applicatio ns
A Quantum computing

A Programmablguantum devices

A Optimizationandannealing

A Applications to quantum/sensinggtrology

Wide statistics

Sr

with high
repetition rate Strentium
andhandye- structure [Kr] 55

Alkaline Earth Metal

laser beam
("optical tweezer")

microscope objective
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EXTRA SLIDES







