


𝜃

0

0.5

1

ۧ|1

2𝜋𝜋0 3𝜋

ۧ|0 cos
𝜃

2
ۧ|0 + sin

𝜃

2
ۧ|1

6𝜋5𝜋4𝜋











1   2   3   4   5   6   7   8   9   10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39

𝜓(𝑛)
𝑡𝑖𝑚𝑒 ~ 𝑒 𝑛1/3(𝑙𝑜𝑔𝑛)2/3

𝑡𝑖𝑚𝑒 ~ 𝑙𝑜𝑔𝑙𝑜𝑔𝑛 (𝑙𝑜𝑔𝑛)𝑛2

𝑁 𝑛
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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

Cirac and Zoller (1995)

Mølmer & Sørensen (1999)

Solano, de Matos Filho, Zagury (1999)

Milburn, Schneider, James (2000)

d ~ 10 nm
ed ~ 500 Debye

dipole-dipole coupling ∆𝐸 =
𝑒2

𝑟2 + 𝛿2
−
𝑒2

𝑟
≈ −

𝑒𝛿 2

2𝑟3

| ۧ↓↓ → | ۧ↓↓
| ۧ↓↑ → 𝑒−𝑖𝜑| ۧ↓↑
| ۧ↑↓ → 𝑒−𝑖𝜑| ۧ↑↓
| ۧ↑↑ → | ۧ↑↑

𝜑 =
∆𝐸𝑡

ℏ
=
𝑒2𝛿2𝑡

2ℏ𝑟3
=
𝜋

2
for full 

entanglement

Native Ion Trap Operation: “Ising” gate

𝑋𝑋 𝜑 = 𝑒−𝑖𝜎𝑥
(1)

𝜎𝑥
(2)

𝜑
Tgate ~ 10-200 ms

F   ~ 98% – 99.9x%

Quantum Gates between Trapped Ions



𝑈 = 𝒟(−𝑖𝛽)𝒟(−𝛼) 𝒟(𝑖𝛽) 𝒟 𝛼 𝑈 = 𝒮(−𝜉)𝒟(−𝑖𝐵)𝒮(𝜉)𝒟(−𝐴)𝒮(−𝜉)𝒟(𝑖𝐵)𝒮(𝜉) 𝒟(𝐴)

= 𝒟(−𝑖𝛽)𝒟(𝑖𝛽) 𝒟(−𝛼) 𝒟 𝛼 𝑒−2𝑖𝛼𝛽

= 𝑒−2𝑖𝛼𝛽

= 𝒟(−𝑖𝐵𝑒𝜉)𝒟(−𝐴)𝒟(𝑖𝐵𝑒𝜉) 𝒟(𝐴)

= 𝑒−2𝑖𝐴𝐵𝑒
𝜉

𝐻𝑒𝑓𝑓 =෍

𝑖𝑗

𝐽𝑖𝑗𝜎𝑥
𝑖𝜎𝑥

𝑗

𝐴

𝑖𝐵−𝑖𝐵

−𝐴

𝛼 = 𝐴෍

𝑖

𝜎𝑥
𝑖

𝛽 = 𝐵෍

𝑖

𝜎𝑥
𝑖

𝐴𝐵

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

𝐻𝑒𝑓𝑓 = 𝐽ෑ

𝑖

(𝕀 cosh 𝜉𝑖 + 𝜎𝑥
𝑖 sinh 𝜉𝑖) 𝜉~1 will do!

Engineering N-body Interactions 𝑈 𝜑 = 𝑒−𝑖𝜎𝑥
1
𝜎𝑥

2
…𝜎𝑥

(𝑁)
𝜑

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

spin-dependent 
displacements

𝐴

𝑖𝐵

−𝐴

−𝑖𝐵 𝐴𝐵𝑒𝜉 𝜉 =෍

𝑖

𝜉𝑖𝜎𝑥
𝑖

spin-dependent 
squeezing𝐻 =

1

2
෍

𝑖𝑚

𝜂𝑖𝑚
2 Ω𝑖𝜎𝑥

𝑖(𝑎𝑚
† 2 + 𝑎𝑚

2 )𝐻 =෍

𝑖𝑚

𝜂𝑖𝑚Ω𝑖𝜎𝑥
𝑖(𝑎𝑚

† + 𝑎𝑚)



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

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

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

Engineering N-body Interactions 𝑈 𝜑 = 𝑒−𝑖𝜎𝑥
1
𝜎𝑥

2
…𝜎𝑥

(𝑁)
𝜑

N=3 experiment N=4 experiment
𝐹 = 95%
𝜏 = 300 𝑚𝑠
𝜉 = 0.255 (1 𝑑𝐵)

𝐹 > 94%
𝜏 = 400 𝑚𝑠
𝜉 = 0.32 (1.4 𝑑𝐵)



Quantum Computer Optical (Raman) Controller

Laser

…………………………..

power
stabilizer

rep rate
stabilizer

beam-pointing
stabilizer

beam-pointing
stabilizer

DOE

rf inputs
(200MHz)

AOM

S. Debnath,... Nature 536, 63 (2016)

N. Linke,... PNAS 114, 13 (2017)

The “Quantum Stack”

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 𝑥

(2) Quench spins to

(3) Measure along 𝑥

𝐻 =෍

𝑖<𝑗

𝑱

|𝑖 − 𝑗|𝛼
𝜎𝑥
𝑖𝜎𝑥

𝑗
+ 𝑩෍

𝑖

𝜎𝑧
𝑖

increase 
𝑩/𝑱

N=53 
qubits

𝐵/𝐽

20

18

16

14

12

0          0.5         1.0        1.5         2.0

av
g.

 la
rg

es
t 

d
o

m
ai

n
 s

iz
e

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 Manybody Localization:
Measurement percolation phases:

Recent Quantum Simulations

Alexey Gorshkov
(NIST/JQI)

David Huse
(Princeton)

Sonika Johri 
(Intel/IonQ)

order 
along 𝑥

align 
along 𝑧

See also:
Innsbruck (ions)
Harvard (neutrals)



Cosmology + Quantum Gravity
Quantum Scrambling

Scrambling: “complete diffusion” of quantum information, 
relevant to information evolution in black holes

EPR

EPR

EPR

EPR

ۧ|0

ۧ|𝜓

ۧ|0

ۧ|0

ۧ|0

ۧ|0

ۧ|0 𝑈

𝑈†

Bell Bell

†

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)

ۧ|𝜓

Bell

scrambling parameter 𝑠𝑖𝑛𝜃

te
le

p
o

rt
at

io
n

 f
id

el
it

y

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



𝑓 𝑥 = 𝑥2 𝑀𝑜𝑑 𝑁 𝑁 = 𝑝𝑞

𝑓 𝑏; 𝑥 = 𝑨𝒙 + 𝑏 ∙ (𝑨𝒔 + 𝑒)

𝑨 𝑨𝒔 + 𝒆 𝒆

→ 𝒔

𝑓(𝑥)
𝑝 𝑞

→

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
2222

AQ=20



2323



24

- - -

Measured 

Histogram of

errors on all 

465 2Q gates
31
2

=
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26

Kielpinski, Monroe, Wineland, Nature 417, 709 (2002)

Pino, et al. (Honeywell) Nature 592 209-213 (2021)



27

Hong, Ou, Mandel, PRL 59, 2044 (1987)

Y.H. Shih & C. O. Alley, PRL 61, 2921 (1998)

Simon & Irvine, PRL 91, 110405 (2003)

L.-M. Duan, et. al., QIC 4, 165 (2004)

Y. L. Lim, et al., PRL 95, 030505 (2005)

Trapped Ions [Nature 449, 68–71] (2007)

Trapped Neutrals [PRL 110, 140403] (2013)

NV-diamond [Science 345, 532] (2014)

Quantum Dots [Nature Phys. 12, 218] (2015)

Superconductors [PRX 6, 031036] (2016)
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

•

•



“OMG” architecture 
(optical/metastable/ground)

D. Allcock, W. Campbell, et al., Appl. Phys. Lett. 119, 214002 (2021)

typical atomic ion

Neutral atoms too!   N. Chen, et al., Phys. Rev. A 105, 052438 (2022)



Cetina

Noel

Brown Calderbank Kim

Monroe

Klco

Marvian

LinkeKozhanov

Pfister



Graduate Students
Patrick Becker (Booz-Allen)
Debopriyo Biswas
David Campos (IonQ)
Allison Carter (NIST)
Kate Collins
Clay Crocker (Keysight)
Arinjoy De
Shantanu Debnath (IonQ)
Laird Egan (IonQ)
Caroline Figgatt (Honeywell)
Isabella Goetting
Bahaa Harraz
David Hucul (AFRL)
Volkan Inlek (IonQ)
Harvey Kaplan (Northrop)
Antonis Kyprianidis (Indiana)
Kevin Landsman (IonQ)
Aaron Lee (Northrop)
Tingguang Li
Jameson O’Reilly
Drew Risinger
Sagnik Saha

Postdocs
Kristi Beck (IonQ-LLNL)
Wes Campbell (UCLA)
Lei Feng
Michael Goldman (IonQ)
Paul Hess (Middlebury)
Or Katz
Marty Lichtman (ColdQuanta)
Will Morong (AWS)
Guido Pagano (Rice)
Phil Richerme (Indiana)
Misha Shalaev
George Toh
Graham Vittorini (Honeywell)
Yichao Yu
Jiehang Zhang (USTC)
Liudmila Zhukas

Key Collaborators
Jungsang Kim (Duke)
Ken Brown (Duke)
Norbert Linke (Duke)
Alex Kozhanov (Duke)
Marko Cetina (Duke)
Crystal Noel (Duke)

SOFTWARE-

TAILORED

ARCHITECTURES

QUANTUM CO-DESIGN

US Army

Research

Office

MURI

Undergrads
Albert Chu (UMD)
Micah Hernandez (UMD)
Geoffrey Ji (Harvard)
Abhishek Menon (Rice)
Nathan Taylor
Ashrit Verma

Research Scientists
Sophie Decoppet
Jason Amini (IonQ)
Kai Hudek (IonQ)
Jonathan Mizrahi (IonQ)

Jake Smith (Northrop)
Ksenia Sosnova (IonQ)
Emma Stavropoulos
Daiwei Zhu (IonQ)
Wen-Lin Tan (IonQ)
Ken Wright (IonQ)
Kee Wang
Keqin Yan
Tianyu You
Vivian Zhang

Alexey Gorshkov (NIST/JQI)
Michael Gullans (NIST/JQI)
David Huse (Princeton)
Umesh Vazirani (Berkeley)
Thomas Vidick (CalTech)
Norman Yao (Berkeley)
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