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Rydberg atoms - the dark horse of quantum computing?
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Rydberg atoms - the dark horse of quantum computing?

Outline:

1. Ingredients to build a quantum computer

2. Rydberg atoms

3. Rydberg atom quantum computing: current state of the art

4. Some open questions



Fortschritte der Physik

DIVIncenZO 5 Progress of Physics VOIume gﬁ-' |SSU€ 9'11
September 2000

Pages 771-783

1. A scalable physical system with well characterized
qubits

2. The ability to initialize the state of the qubits to a
simple fiducial state, such as |000...)

3. Long relevant decoherence times, much longer than
the gate operation time

4. A “universal” set of quantum gates

5. A qubit-specific measurement capability

Qubit Init. Read-out Scalable
Gates Coherence



5 Qubit candidates
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Multidimensional quantum entanglement with large-
scale integrated optics

@ Jianwei Wang'-2"", (@ Stefano Paesani'*, © Yunhong Ding*"!, © Raffaele Santagati', ® Paul Skrzypczyks, © Alexia
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Sclenge 08 Mar 2018 with new $150m round led by
DOl: 10.1126/science.aar7053 Atom |CO

By Quantum Analyst - April 7, 2020



Massive hype! DiVincenzo 5
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Scalable Qubit Arrays for Quantum Computing and Optimisation (SQuAre)

This project is an EPSRC Prosperity Partnership with M Squared Lasers that aims to develop a new platform for quantum

SQUARE http://photonics.phys.strath.ac.uk/rydberg-guantum-devices/

computing based on scalable arrays of neutral atoms that is able to overcome the challenges to scaling of competing
technologies. We will develop new hardware to cool and trap arrays of over 100 qubits that will be used to perform both
analogue and digital quantum simulation by exploiting the strong long-range interactions of highly excited Rydberg atoms.

tailored for the neutral-atom platform to target industrially-relevant computation and optimisation problems.

Sunday, April 28, 2013
Storage and Control of Optical Photons

Together with the quantum software team lead by Prof. Andrew Daley, we will design new analogue and digital algorithms

Authors of the paper in Physical Review
Letters (reference [1] ).
Left to Right:

. (top row) D. Maxwell, D. J. Szwer, D.

Paredes-Barato,

(middle row) H. Busche, . D. Pritchard,
A. Gauguet,

(bottom row) K. 1. Weatherill, M. P. A.
Jones, C. S. Adams.

Authors:
David Szwer and Hannes Busche

Affiliation:

Joint Quantum Centre (JQC)
Durham-Newcastle, Department of
Physics, Durham University, UK.
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Rydberg atoms - the dark horse of quantum computing?
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Rydberg atoms - the dark horse of quantum computing?
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https://iopscience.iop.org/book/978-0-7503-1635-4

Rydberg Physics

Authors
Nikola Sibali¢ and
Charles S Adams

Published
November 2018
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Rydberg atoms - the dark horse of quantum computing?

//r/'f/‘ N ANy O fWrd/ Al

L/Z[{ M f} \'1/14

L’)ﬁ (7 )*
" , y : Rydberg 1888

W (mre)= (sl e

What are Rydberg' atoms?

1
RH En — _RCS

Highly-excited Rydberg states g, — n—0)

Why are they useful?



Atomic state energy (V)

Why are they useful?
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Atomic state energy (eV)
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10P Publishing Jourmnal of Physics B: Atomic, Malecular and Optical Physics
J. Phys. B: At Mol. Opt. Phys. 49 (2016) 152001 (19pp) doi: 10.1088,/0953-4075,/49/15/152001 10. :
Topical Review =
=
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Experimental investigations of dipole—dipole <
interactions between a few Rydberg atoms E
:;‘

Antoine Browaeys, Daniel Barredo and Thierry Lahaye

Laboratoire Charles Fabry, Institut d’Optigque, CNRS, Univ Paris Sud 11, 2 Avenue Augustin Fresnel,
F-91127 Palaiseau Cedex, France

How do we put two atoms X microns apart?
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How do we put two atoms X microns apart?

NATURE PHYSICS | VOL 16 | FEBRUARY 2020 | 132-142 |

Many-body physics with individually controlled

Rydberg atoms
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How do we put two atoms X microns apart?

Qubit Init. Read-out Scalable Capped nanotube
Gates Coherence
Atoms Motion | Motion
lons
Daniel Barredo, Vincent Lienhard, Sylvain de Léséleuc, Thierry Lahaye, and Antoine
Browaeys. Synthetic three-dimensional atomic structures assembled atom by atom. Nature,
Photons 561(7721):79-82, September 2018.
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https://en.wikipedia.org/wiki/Quantum_logic_gate
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18 JULY 2019 | VOL 571 | NATURE | 371 Compare:
Rydberg atoms
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Rydberg blockade

Blockade

1/6
Rb — (%) 5-10 um

Ris < Ry (cannot excite two atoms)



PHYSICAL REVIEW LETTERS 121, 123603 (2018)

High-Fidelity Control and Entanglement of Rydberg-Atom Qubits

Harry Levine,l* Alexander Keesling,1 Ahmed Omran,l Hannes Bemien,1 Sylvain Schwal’(z,2 Alexander S. Zibrov,l
Manuel Endres,3 Markus Greiner,1 Vladan Vuletié,4 and Mikhail D. Lukin'
'Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
?Laboratoire Kastler Brossel, ENS-PSL Research University, CNRS, Sorbonne Université,
College de France, 24 rue Lhomond, 75005 Paris, France
3Division of Physics, Mathematics and Astronomy, California Institute of Technology, Pasadena, California 91125, USA
4Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA

® (Received 12 June 2018; published 20 September 2018)
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https://en.wikipedia.org/wiki/Quantum_logic_gate
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Probing many-body dynamics on a
51 — a‘tom quantum Simulator 30 NOVEMBER 2017 VOL 551 NATURE 579

Hannes Bernien', Sylvain Schwartz!?, Alexander Keesling', Harry Levine!, Ahmed Omran', Hannes Pichler'?, Soonwon Choi',
Alexander S. Zibrov!, Manuel Endres*, Markus Greiner!, Vladan Vuleti¢? & Mikhail D. Lukin!

a b
52 0r)
1,013 nm V. 420 nm Qg
_ i -
a & b
— g} 54 13
C "g T)‘ 9
7., ordered
A B R TR T R S i T TR S T R o 4
(1) Load Il\\\ [[] %’ = 000800080008 5
+ -_— QLJ 1
@QAmange 111331y reetief  pettptq  opreited ttpiritr]l] 0 s e emdesos(em- =
313
(3) Evolve l U | Luey | vy | [ vy | [ ue | 3
T T T T T Z, ordered c 9°
(4) Detect [6 O 0°'0 Q**0**0 0*'0*'0'0 0:0'0+*0 0'0*0'0] Q,b 0000000000000 S 5
d e S . 2
~ T STy T O T T ST 'S Z, ordered a 13
142 0000000000080 9
- -- P 5
2
% 0571 ! 1 ot 1
g 0 "y + t Detuning, A/Q2 Detuning (MHz) Rydberg probability
g 051 p L
° R ;f S)q(,of{ \%«#} ooo”
S 0 - } +
c
L]
2 05t
&
0 ¢
0 0.5 1.0 15

Time (us)



PHYSICAL REVIEW X 10, 021031 (2020)

Realization of a Density-Dependent Peierls Phase in a Synthetic,

Spin-Orbit Coupled Rydberg System
. ! | @ © 4 "
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Stored single photon
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Collectively-encoded qubit



Continuous weak measurement

Strong driving
a Qubit Emitter
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Single qubit rotations
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Open guestions

1. Is a discrete gate model the best paradigm for quantum computing?

2. As there is no reason to restrict ourselves to binary logic, why not focus
on higher dimensionality?
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A convenient set

QUTRIT ROTATIONS AND GATE-SET

of generators to describe qutrit rotations are the Gell-Mann matrices:

010 0 —i 0 1 00

=110 0 No=sy =17 00 Aa=stt=10 —1 0
000 0 00 0 00
001 00 —i 000

—loo0o As=syo=[00 0 N=s52=1001
100 i 0 0 010
00 0 L frooo

— 100 —i Ag = 7 01 0

02 0 00 =2



Collectively-encoded qutrit
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Une simple image, si elle est nouvelle, ouvre un monde,

Gaston Bachelard (1884 - 1962)

"Information is in continuous construction"

Scientists, in trying to learn about the world, create a new world.
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