Arrays of atoms for Q simulation & computing — Lecture 2

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



Combining arrays of atoms and Rydberg interactions

Rydberg interactions
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Outline — Lecture 2

1. Interactions between Rydberg atoms



Dipolar Interaction between atoms
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Dipolar Interaction between atoms




Dipolar Interaction between atoms
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Dipolar Interaction between atoms
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Interactions between Rydberg atoms (simplifi}gd...)
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2-atom basis: {|¢nn/) = |n,l,m) @ |n',I',;m
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Interactions between real Rydberg atoms
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|&I ARC - Alkali Rydberg Calculator
user's

computer alkali _atom data — alkali atom  —— scipy
running Python functions
Hydrogen
Lithiumé AlkaliAtom
— numj
calculations . Lithium? i
atom_single Sodium
Atom calculator Potassium39 |
- ita"{:?pt (alias Potassium) Jatplotlit
——— evelPlo X
user web interface (REEEETm
Potassiuma1
[ — vioer
alias Rubidium
, . (angular algebra)
user's calculations_ Rubidium87 & g
web atom_pairstate Caesium
browser
PairStateInteractions “— arc c extensions
StarkMapResonances (Numerov inC)
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'
higher abstraction level primitives

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

» Pairinteraction - A Rydberg Interaction Calculator

S. Weber

Pairinteraction - A Rydberg Interaction
Calculator

" build " passing pypi v0.9.530 | arXiv 1612.08053
License GPLv3

The pairinteraction software calculates properties of Rydberg systems. The software
consists of a C++/Python library and a graphical user interface for pair potential
calculations. For usage examples visit the {
Stay tuned by for the newsletter so whenever there are updates to the
software or new publications about pairinteraction we can contact you. If you have a
question that is related to problems, bugs, or suggests an improvement, consider

section of the documentation.

ralsmg an on

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



Interactions between “real” Rydberg atoms
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Interactions between Rydberg atoms
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REVIEWS OF MODERN PHYSICS, VOLUME 82, JULY-SEPTEMBER 2010
Quantum information with Rydberg atoms

M. Saffman and T. G. Walker

Department of Physics, University of Wisconsin, 1150 University Avenue, Madison,
Wisconsin 53706, USA
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Interactions between Rydberg atoms

Rydberg Blockade

Quantum computing with arrays of atoms and
Rydberg interactions
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The initial idea (~2000)

VOLUME 85, NUMBER 10 PHYSICAL REVIEW LETTERS 4 SEPTEMBER 2000

Fast Quantum Gates for Neutral Atoms

D. Jaksch, J.I. Cirac, and P. Zoller
Institut fiir Theoretische Physik, Universitit Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

S.L. Rolston

National Institute of Standards and Technology, Gaithersburg, Maryland 20899 F a St (< 1 H S) ro b u St
’
R. Coté! and M. D. Lukin?
'Physics Department, University of Connecticut, 2152 Hillside Road, Storrs, Connecticut 06269-3046

2ITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138
(Received 7 April 2000)

We propose several schemes for implementing a fast two-qubit quantum gate for neutral atoms with
the gate operation time much faster than the time scales associated with the external motion of the atoms
in the trapping potential. In our example, the large interaction energy required to perform fast gate
operations is provided by the dipole-dipole interaction of atoms excited to low-lying Rydberg states in
constant electric fields. A detailed analysis of imperfections of the gate operation is given.

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?

UITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138
2Fachbereich Physik, Universitdt Kaiserslautern, D-67663 Kaiserslautern, Germany
3Physics Department, University of Connecticut, Storrs, Connecticut 06269

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

Institut fiir Theoretische Physik, Universitdt Innsbruck, A-6020 Innsbruck, Austria
(Received 7 November 2000; published 26 June 2001) 13



Rydberg interaction and blockade

D. Jaksch, PRL 85, 2208 (2000)

R M. D. Lukin, PRL 87, 037901 (2001)
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Rydberg interaction and blockade

D. Jaksch, PRL 85, 2208 (2000)

0 < R >0 M. D. Lukin, PRL 87, 037901 (2001)
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If Q2 < Cs/R®: no excitation of |rr) = blockage
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Rydberg interaction and blockade

D. Jaksch, PRL 85, 2208 (2000)

0 < R >0 M. D. Lukin, PRL 87, 037901 (2001)
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Blockade = entanglement and gates!!
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Rydberg interaction and blockade

D. Jaksch, PRL 85, 2208 (2000)

R M. D. Lukin, PRL 87, 037901 (2001)
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Blockade = entanglement and gates!!
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Rydberg interaction and blockade

D. Jaksch, PRL 85, 2208 (2000)

R M. D. Lukin, PRL 87, 037901 (2001)
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MOT excitation fraction (%)

The first blockade experiments: atomic ensembles
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The first demonstrations of blockade with two atoms (2008-09)

Observation of Rydberg blockade between
two atoms

E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. D. Yavuz, T. G. Walker and M. Saffman*
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Observation of collective excitation of two
individual atoms in the Rydberg blockade regime

Alpha Gaétan', Yevhen Miroshnychenko', Tatjana Wilk', Amodsen Chotia?, Matthieu Viteau?,
Daniel Comparat?, Pierre Pillet?, Antoine Browaeys'* and Philippe Grangier'
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3. Quantum computing with arrays of atoms and
Rydberg interactions
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Quantum computing in a nutshell

Qubits: [0),[1) = «|0) + 5[1) Quantum register: ensembles of qubits
. . (1) _77(D) _ by 1 1 1
Single qubit gates: |z) —UW— |y) = U |z) = |0) + B|1) Ex: H = —
/2 \1 -1
Two-qubit gates: control |z) ) (1) (1) 8 8
Unor — Yenor =1 ¢ o g 1
target |y) z B y) 0 01 0
Universal gate set: any U can be approximated by products of
LAYER 1-QUBIT GATE 2-QUBIT GATE
75— (10, o (1 0 feyor odBT—i——
H, S_(O i)’ T_(O 6”/4)’ Uenor o —— i} rHaeHm-
= @ —— o}
Aca|CU|ati0n: [ |¢f> — U|¢register> ] Qs —
Q1 =< [H]




The promises of quantum computing

Change complexity class of calculation

O(2N)

O(N«

Duration of calculation

Size of calculation N

Factoring P. Schor L. Grover
Ex: RSA-2048 en 10° years (Class.) = 1 day (Quant.)
Search in list: N/2 (class.) = VN (Quant.) (10 000 — 100)

Chemistry (fixation N,, affinity enzymes...), materials (superconduct.)...
Impossible (class.) = possible (Quant.)?? )3



Quantum processor based on arrays of laser-cooled atoms

Assembled arrays of atoms Atoms = qubits Rydberg interaction
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Atoms can be moved to interact locally
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Moving the qubits around: the zoning architecture

Logical qubit storage Ancilla qubit reservoir
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Useful for all-to-all connectivity and implementation of error correction



Different ways to encode the qubit

Atomic clocks = atoms = ideal qubits...

Hyperfine qubit (Rb, Cs...)
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~ 400 nm
—F T
0@
U e e |1)
7 ~ 600 nm
..... ———==[1) Nuclear qubit (MHz)
10) 1=1/2 171yh
T, T,>10s

26



From Rydberg blockade to 2-qubit CZ gate

Addressable gate: 1, — 21tz — 7w, (2009-19)

Jaksch, PRL 2000
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Saffman, PRL 2010
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From Rydberg blockade to 2-qubit CZ gate

Addressable gate: 1, — 21tz — 7w, (2009-19)

A B Jaksch, PRL 2000
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Optimized global gate (> 2019)

0 200
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Pupillo, Quantum 2022
Evered, Nature 2023

Minimize time in Rydberg state

2026:

F~99.9% Rb, Sr, Yb 28



Fidelity improvements following the first demonstrations
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Examples of quantum circuits with Rydberg processor

Quantum phase estimation Preparation of cat state
L Phesekekback o9 &7
|u>,L[‘r Ryw2) " HI ﬂ
o e ] 3: s
U 1 I 0 %% S arXivi2411.11822
c $$ :
1.0 U $ I
@ =
~ 0 24 S
Ule) = € |tbg) =88]
y {—
' P —
----- Saffman, Nature 2022

000 001 010 011 100 101 110 11

Digital simulation of (few?) fermions
Digital guantum simulation voyd, science 1996 arxiv:2501.18554

—iHt ., (,—iHit/n —iHst/n —iHnt/n) Variational algorithm: find ground state
€ ~ € (& ...E R V ~ -
H=¢eJ, + §(J+ +J2) arXiv:2501.06097

Today: ~ 100 entangling gates (e ~ 10?)
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Towards fault tolerant quantum computing

LAYER 1-QUBIT GATE 2-QUBIT GATE
Qo {r] o . —Ne ;
o] @u ) i Success: P f\y \ Need Quantum Error Correction

Nb gates  Error/gate Shor, 1995

Ha]
@ —ff+—rHrt-o{a+——

Bridge gap: hardware error (e ~ 10-3) / error required for applications (¢ < 10-19)

QEC: generalize redundancy to quantum = logical qubit = many physical qubits
d+1
€

2
Threshold theorem: ¢, ~C (—Ys\ Fowler, PRA 2012
€th phys. qubit error

First demonstrations of logical qubits + calculations + correction |,

° 2 1.0 ]
Bluvstein et al., Nature 2022 SO0 Togl éo.s = Evvor detection
Atom computing, arXiv:2411.11822 S5 = XXX § 06 : go.e
Inflegtion, arXiv:2412.07670 Q2T S 5 o4
Quera, arXiv:2412.15165 Naiaal B P I :.,
Pasqal, arXiv:2605.21276 a-2zz | 5 N § . 31
Atom computing, arXiv:2606.04079 Plaquettes: X 2 X Z



Towards fault tolerant quantum computing

LAYER 1-QUBIT GATE 2-QUBIT GATE
@ {rf—1] _ —Ne i
ool o = Success: p r\y \ Need Quantum Error Correction
s — Nb gates Error/gate Shor, 1995
Brif” 110)
Factorization RSA-2048 (Shor): ~ 1012 gates on ~ 200k — 1M qubits ...
QEC
Quantum chemistry (Fe;MoSyCo): 100-1000 logical qubits ~ 1014 gates
.
First demonstrations of logical qubits + calculations + correction |, 50 |
Bluvstein et al., Nature 2022 Sy = XXX §o.s . -go.s B ey ciotection
Atom computing, arXiv:2411.11822 S5 = XXX § 06 : go.e
Inflegtion, arXiv:2412.07670 SZT | Sea 5 o4
Quera, arXiv:2412.15165 Naiaal B P I 20
Pasqal, arXiv:2605.21276 a=zzz | & |0 g M . 32

Atom computing, arXiv:2606.04079 Plaquettes: X Z Xz



The program

Lecture 3: Quantum simulation: from Rydberg interactions
to spin models... and more

33



