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171Yb+ atoms (80 ion string)
4 mm spacing, 100 mm altitude
n0 = 12.642 812 118 GHz



~4 mm

¬

®

¬

® d

r

Ciracand Zoller (1995)

Mølmer& Sørensen(1999)

Solano, de Matos Filho, Zagury (1999)

Milburn, Schneider, James (2000)

d~ 10 nm
ed~ 500 Debye

dipole-dipole coupling ЎὉ
Ὡ

ὶ ‏

Ὡ

ὶ

Ὡ‏

ςὶ

ȿἃᴽȢ ᴼ ȿἃᴽȢ
ȿἃᴽᴻ ᴼὩ ȿἃᴽᴻ
ȿἃᴻȢ ᴼὩ ȿἃᴻȢ
ȿἃᴻᴻ ᴼ ȿἃᴻᴻ

•
ЎὉὸ

ᴐ

Ὡ‏ὸ

ςᴐὶ

“

ς
for full 

entanglement

bŀǘƛǾŜ Lƻƴ ¢ǊŀǇ hǇŜǊŀǘƛƻƴΥ άIsingέ ƎŀǘŜ

ὢὢ• Ὡ
Tgate~ 10-200 ms

F   ~ 98% ï99.9x%

Quantum Gates between Trapped Ions



Ὗ ꜠ Ὥ‍꜠ ‌꜠Ὥ‍꜠ ‌ Ὗ ה ‚꜠ Ὥὄה‚꜠ ὃה ‚꜠Ὥὄה‚꜠ὃ

꜠ Ὥ‍꜠ Ὥ‍꜠ ‌꜠‌Ὡ

Ὡ

꜠ ὭὄὩ ꜠ ὃ꜠ὭὄὩ ꜠ὃ

Ὡ

Ὄ ὐ„„

ὃ

ὭὄὭὄ

ὃ

‌ ὃ „

‍ ὄ „

ὃὄ

2-body interaction Milburn, et al., (2000)

Ὄ ὐ ÃÏÓÈ‚ „ÓÉÎÈ‚ ‚~1 will do!

Engineering N-body Interactions Ὗ• Ὡ ȣ

N-body interaction Katz, et al., (2022)

spin-dependent 
displacements

ὃ

Ὥὄ

ὃ

Ὥὄ ὃὄὩ ‚ ‚„

spin-dependent 
squeezingὌ

ρ

ς
– ɱ„ ὥ ὥὌ – ɱ„ ὥ ὥ



O. Katz, M. Cetina, C. Monroe, Phys. Rev. Lett. 129, 063603 (2022) ïbasic idea

O. Katz, M. Cetina, C. Monroe, arXiv:2207.10550 (2022) ïmultimode case and scaling

O. Katz, L. Feng, A. Risinger, C. Monroe, M. Cetina, arXiv:2209.05691 (2022) ïdemonstration

Engineering N-body Interactions Ὗ• Ὡ ȣ

N=3 experiment N=4 experiment
Ὂ ωυϷ
† σππάί
‚ πȢςυυρὨὄ

Ὂ ωτϷ
† τππάί
‚ πȢσςρȢτὨὄ



Quantum Computer Optical (Raman) Controller

Laser

ΧΧΧΧΧΧΧΧΧΧΦΦ

power
stabilizer

rep rate
stabilizer

beam-pointing
stabilizer

beam-pointing
stabilizer

DOE

rf inputs
(200MHz)

AOM

S. Debnath,... Nature536, 63 (2016)

N. Linke,... PNAS114, 13 (2017)

TheάvǳŀƴǘǳƳ {ǘŀŎƪέ

Shor, VQE, QSim., etc.  

32-channel AOM
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Norbert Linke
Asst. Prof.

Duke Physics

Marko Cetina
Asst. Prof.

Duke Physics

Crystal Noel
Asst. Prof.

Duke ECE and Physics



(1) Prepare spins along ὼ

(2) Quench spins to

(3) Measure along ὼ
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Quantum Simulation of Exotic Magnetism
Dynamical Phase Transition with 50+ Qubits J. Zhang, et al., Nature 551, 601 (2017)

W. L. Tan, et al., Nature Physics (2021)
A. Kyprianidis, et al., Science 372, 1192 (2021)
W. Morong, et al., Nature 599, 393 (2021)
C. Noel, et al., Nature Physics 18, 760 (2022)

Asymptotic confinement:
Prethermal Time Crystal: 

Stark ManybodyLocalization:
Measurement percolation phases:

Recent Quantum Simulations

Alexey Gorshkov
(NIST/JQI)

David Huse
(Princeton)

Sonika Johri 
(Intel/IonQ)

order 
along ὼ

align 
along ᾀ

See also:
Innsbruck (ions)
Harvard (neutrals)



Cosmology + Quantum Gravity
Quantum Scrambling

ScramblingΥ άŎƻƳǇƭŜǘŜ ŘƛŦŦǳǎƛƻƴέ ƻŦ ǉǳŀƴǘǳƳ ƛƴŦƻǊƳŀǘƛƻƴΣ 
relevant to information evolution in black holes

EPR

EPR

EPR

EPR

ἃȿπ

ἃȿ‪

ἃȿπ

ἃȿπ

ἃȿπ

ἃȿπ

ἃȿπ Ὗ

Ὗ

Bell Bell

ɖ

input
qubit

Successful teleportation if U scrambles

output
qubit

Landsman, et al., Nature 567, 61 (2019)

Norman Yao
(Berkeley)

Leonard Susskind
(Stanford)

Beni Yoshida
(Waterloo/CalTech)

ἃȿ‪

Bell

scrambling parameter ίὭὲ—
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U 

T. Schuster, B. Kobrin, P. Gao, I. Cong, E. T. Khabiboulline, N. M. Linke, M. 
D. Lukin, C. Monroe, B. Yoshida, and N. Y. Yao, PRX 12, 031013 (2022).

Thermofield Double State

Coming
Soon
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Thomas Vidick
(CalTech)

Norman Yao
(Berkeley)

Umesh Vazirani
(Berkeley)

13 qubits     >50 gates
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Ion Trap 
Laboratory

2014

Photo: Phil Schewe
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ARO

Ion Trap 
Laboratory

2018
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North American Conference on Trapped Ions

Duke University, Durham NC, August 1-4, 2022
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