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Building quantum information
processors and networks
Atom-by-atom




Atom array quantum processors
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Challenges:

 Measurements (long and destructive)

 Atom loss

* Array preparation + measurements >
algorithm execution time

e |Individual addressing on large scale

Identical qubits each in its own tweezer
Long lived qubits states
Coherent interactions via Rydberg states

Unique opportunities:

Long range connectivity
Native multi-qubit gates
Coherent movement of atoms
Photonic interfaces

Dual-species architecture
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» Static tweezer array with spatial
light modulators

* Rearrangement tweezers
generated with AODs

See also: Ebadi et al. Nature 595, 227 (2020)



A dual-element 512 site atom array
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Singh, Anand, Pocklington, Kemp, Bernien PRX 12, 011040 (2022)



Arbitrary geometries with dual-element arrays
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Hexagonal lattice Bipartite Honeycomb Sears Tower and the
Bean

Singh, Anand, Pocklington, Kemp, Bernien PRX 12, 011040 (2022)



Continuous-mode operation
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We can design experimental cycles where there are always atoms
within the tweezer array available for measurements or computation

Singh, Anand, Pocklington, Kemp, Bernien PRX 12, 011040 (2022)



Rydberg for coherent inter/intra species interactions

87
Rb Couple to states |
N>1 = Strong dipolar
interactions: ~N11/R®
133 —> GHz interaction over

several micrometers
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Rydberg review: Browaeys et al. J. Phys. B 49, 152001 (2016), Saffman J. Phys. B 49, 202001 (2016)



Rydberg for coherent inter/intra species interactions

87
Rb Couple to states |
N>1 = Strong dipolar
interactions: ~N11/R®
133 —> GHz interaction over

several micrometers
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Asymmetric interaction regimes close to Férster resonances:

Cs70S-Cs70S
== Rb72S-Rb72S
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Inter species Forster resonances: Beterov, Saffman PRA 92, 042710 (2015)



Efficient GHZ generation
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Efficient GHZ generation
Extendable to hyperfine states
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Going larger?
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See also proposal: Miiller et al. PRL 102, 170502 (2009)



Auxilary atoms for QND readout

Typical readout: state dependent loss

----------

7~ New approach:

Ancilla based readout
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Stabilizer measurements:




Scaling the distance between nodes
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Hybrid system of nanophotonic devices & cold atoms

Neutral atoms: Nanophotonics:
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* Excellent coherence * Strong light confinement
« Controllability ‘ * Engineered functionalities
* Indistinguishability * Scalabilty

Thompson et al. Science (2013), Dordevic, Samutpraphoot, Ocola, Bernien et al., Science (2021)



Can we work at telecom wavelengths?

le2) .. .
Combination of long-lived
. A tel i i o
Challenge: no telecom transitions Qe A qubit states with efficient
from the ground state. e J telecom interface
1 ) z les)
_ Goal:
1
‘ 2 Q2 Y =—7=(0)[Ag) + [1)[AL))
pauation \/i
Py 0>
—_— )
(V)
_g 0.4+ Q:1/(101y)
= — Q,/(177y)
0 0.2
S
<< 0.01
1.0+
0.8
>
My | =
L B e, _ Cesium. - re) 0.6 —— |0> population
~ 10 \.,\.._.,;.-5,2. . 3 04 —— |es>population
Cooperativity o — |ey> population
a- 0.2 |es>population
0.0 N—
0.00 0.05 0.10 0.15 0.20 0.25
Time [yt]

Menon, Singh, Borregaard, Bernien NJP 22, 073033 (2020)
See also with Yb: Covey et al. Phys Rev Applied 11, 034044 (2019)



Progress: Telecom cavities

Fabricated SiN cavities:
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In collaboration with Alan Dibos (ANL)



The setup:

* Compact steel chamber

* Three objectives for traps, imaging
and free space coupling

* Compatible with photonic chip

Features:

Atom array generation

Chip integration (prelim. 50%
coupling)

Multiplexing with multiple nodes

Free space coupling see also: Kimble group: Adv. Quantum Technol. 3, 2000008 (2020)



Going the distance:

(59) "W'W’v"gl - Wood-Dale Norridge
oomingadale i Schiller-Park
Wayne i Bensenville >3 @
250, 294
| Franklin Park
Addison
(64)
les ®- Lakewood Carol Stream Glendale Co
Heights, e 044
43554 Elmhurst Melrose Park
Villa Park O RVILLE
West Chicago S Y Oak Park of
Glen Ellyn /) Lombard i 75 Chicago
Fermi Lab » Wheaton 552 =2 :
Winfield
. Berwyn WEST SID)
B Cicero
ak Bro 9
-
:) @ e Downers 9 3RIGHTON PAR 9 BRONZEVILLE
56 W e ] 3ACK OF ke
16* . Grove | La Grange % HE YARDS '@
Lisle Hinsdale 171
Westmont .p ARK

Eola S NGLE .
DOWN Willowbrook Z BedfOI’doF’al' "\es UCh|CagO
| & 2
Ll Naperville Darien Burr Ridge ridgeview g ook SoLTH ”‘“"w
) : S - "\ } \]u‘ rl '1173“
1@y Sen r Evergreen ———
FAaracd racarnia Oak LLawn Park e
; e 74
Argonne National Lab o @
e Bolingbrook Chicago Ridge

_ _ Entanglement rate:
~50km of fiber UChicago — ANL 1

2 2
Fent — 5 Yattempt Teoll. Ndetect Tlfiberatt. ™ 10 Hz



Collaborators:
Alan Dibos (ANL), Johannes Borreegaard (TU Delft),
Hannes Pichler (Innsbruck), Bill Fefferman (UChicago)

Bernienlab.com



