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Control of Individual Quantum Systems
(see Nobel Prize 2012, Wineland and Haroche)





Rabi frequency  ℏ𝑔

Spin-motion coupling: 2LS+QHO
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interaction frame, “rotating wave approximation”
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 = L − 0 = detuning

k = 2p/l = wavenumber
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applied radiation
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Stationary terms arise in H at particular values of  :

≈ ℏ𝑔 ො𝜎+ + ො𝜎− 1 − 𝑛𝜂2 ≈ ℏ𝑔 ො𝜎+ + ො𝜎−

(1) 𝛿 = 0

𝜂 = 𝑘𝑥0 = “Lamb-Dicke parameter” ~ 0.1

𝑘𝑥0 𝑛 + 1 ≪ 1
“Lamb-Dicke limit”

"𝐶𝑎𝑟𝑟𝑖𝑒𝑟": ↓, 𝑛 𝐻0 ↑, 𝑛 = ℏ𝑔

𝐻0 = ℏ𝑔 ො𝜎+ + ො𝜎− { 1 −
𝜂2

2!
𝑎†𝑎 + 𝑎𝑎†

+
𝜂4

4!
𝑎†𝑎†𝑎𝑎 + 𝑎†𝑎𝑎†𝑎 + 𝑎𝑎†𝑎𝑎† + 𝑎𝑎†𝑎†𝑎

− 𝜂6 𝑎†𝑎†𝑎†𝑎𝑎𝑎 + ⋯ }
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Stationary terms arise in H at particular values of  :

≈ ℏ𝑔 ො𝜎+𝑎 + ො𝜎−𝑎
†

(2) 𝛿 = −𝜔

𝜂 = 𝑘𝑥0 = “Lamb-Dicke parameter”

𝑘𝑥0 𝑛 + 1 ≪ 1
“Lamb-Dicke limit”"𝑅𝑒𝑑 𝑆𝑖𝑑𝑒𝑏𝑎𝑛𝑑": ↑, 𝑛 − 1 𝐻0 ↓, 𝑛 = ℏ𝑔 𝑛

𝐻− = ℏ𝑔 ො𝜎+ 𝜂𝑎 −
𝜂3

3!
𝑎†𝑎𝑎 + 𝑎𝑎†𝑎 + 𝑎𝑎𝑎† +⋯ + ℎ. 𝑐.
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Stationary terms arise in H at particular values of d :

≈ ℏ𝑔 ො𝜎+𝑎
† + ො𝜎−𝑎

(3) 𝛿 = 𝜔

𝜂 = 𝑘𝑥0 = “Lamb-Dicke parameter”

𝑘𝑥0 𝑛 + 1 ≪ 1
“Lamb-Dicke limit”"Blue Sideband": ↑, 𝑛 + 1 𝐻+ ↓, 𝑛 = ℏ𝑔 𝑛 + 1

𝐻+ = ℏ𝑔 ො𝜎+ 𝜂𝑎† −
𝜂3

3!
𝑎†𝑎†𝑎 + 𝑎𝑎†𝑎† + 𝑎†𝑎𝑎† +⋯ + ℎ. 𝑐.

↑, 𝑛′ 𝐻 ↓, 𝑛 = ℏ𝑔𝑒−𝜂
2/2𝜂|𝑛

′−𝑛|
𝑛<!

𝑛>!
𝐿𝑛<
|𝑛′−𝑛|

𝜂2





Phys. Rev. Lett. 76, 1796 (1996)
Phys. Rev. Lett. 77, 4281 (1996)

Rabi flopping on 
the blue sideband

𝑃↓ 𝑡 = ෍

𝑛=0

∞

𝑃𝑛 𝑐𝑜𝑠
2(Ω𝑛,𝑛+1𝑡)

𝑊 𝛼 =
2

𝜋
෍

𝑛=0

∞

𝑃𝑛(𝛼)



Internal states of these ions entangled

Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)

CM, et al., Phys. Rev. Lett. 74, 4714 (1995)

Q. Turchette, et al., Phys. Rev. Lett. 81, 3631 (1998)

F. Schmidt-Kaler, et al., Nature 422, 408 (2003)

Entangling Trapped Ions
Cirac and Zoller model



෡𝑈 𝑡 = ෡𝐷 𝛼 | ↑  ↑ | + ෡𝐷 −𝛼 | ↓  ↓ |



~5 m







 

r

Cirac and Zoller (1995)

Mølmer & Sørensen (1999)

Solano, de Matos Filho, Zagury (1999)

Milburn, Schneider, James (2000)

 ~ 10 nm
e ~ 500 Debyedipole-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 ~ 10−100 s

F   ~ 98% – 99.9%

Quantum Entanglement of Trapped Ions



2S1/2

2P1/2

369 nm

Spin-dependent force (single ion)

|

1,-1 1,11,0

0,0

1,-1
1,1

1,0

0,0

𝐻 = 𝜂Ω 𝜎+𝑎 + 𝜎−𝑎
†

+𝜂Ω 𝜎−𝑎 + 𝜎+𝑎
†

= 𝜂Ω 𝜎𝑥 𝑎 + 𝑎†

= Ω 𝜎𝑥(Δ𝑘 ∙ ො𝑥)

D

g

g

g

Red+blue sideband applied
simultaneously

𝜂 = Δ𝑘𝑥0

Ω = 
𝑔2

2∆

Lamb-Dicke 
parameter|

K. Molmer and A. Sorenson, PRL 82, 1835 (1999)



Beatnote frequency
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Phase Space evolutions



constant pulse (3rd, 4th, 5th modes are not closed) tuned blue of COM

Com 2nd 3rd 4th 5th

Modulated pulse (9 segments AM) (all modes are “mostly” closed)
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S.-L. Zhu, et al., Europhys Lett. 73 (4), 485 (2006)

T. Choi, et al., Phys. Rev. Lett. 112, 19502 (2014)

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

Closing Phase Space(s)  N=5 ions: Addressing ions #2 & #5

𝑋𝑋2,5 𝜑 = 𝑒−𝑖𝜎𝑥
(2)

𝜎𝑥
(5)

𝜑



Programmable/Reconfigurable Quantum Computer Module

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

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

Full “Quantum Stack” architecture



Application #qubits # gates Reference Collaborator Institute
Manybody Localization 10 global Nat. Physics 12, 907 (2016) D. Huse, P. Hauke Princeton, Innsbruck
Hidden Shift, Toffoli-3 Gate 5 12-60 PNAS 114, 13 (2017) M. Roetteler Microsoft
Grover 5 65 Nat. Comm. 8, 1918 (2017) D. Maslov NSF
Toffoli-4 Gate 5 33 Thesis, Debnath (2017) D. Maslov NSF
[[4,2,2]] Error Detection 5 27-32 Sci. Adv. 3, e1701074 (2017) K. Brown Duke
Time Crystal 10 global Nature 543, 217 (2017) N. Yao Berkeley
Dynamical Phase Transition 53 global Nature 551, 601 (2017) Gorshkov NIST
Fredkin Gate, Fermi-Hubbard 5 163 PRA 98, 052334 (2018) S. Johri Intel
Bayesian Game 5 20 QST 3, 045002 (2018) N. Solmeyer Army Res. Lab.
Qubit Detection ML 5 n/a J. Phys. B 51 174006 (2018) M. Hafezi JQI
Full Adder, Parallel CNOTs 4 20 Nature 567, 61 (2019) D. Maslov NSF
Generative Modeling ML 4 48 Science Adv. (appear 2019) A. Perdomo-Ortiz NASA
Quantum Scrambling 7 45 Nature 567, 61 (2019) B. Yoshida, N. Yao Perimeter, Berkeley
Deuteron VQE Simulation 3 65 arXiv:1904.04338 (2019) R. Pooser, O. Shehab ORNL, IonQ
Circuit QAOA 9 92 arXiv:1906.02699 (2019) T. Hsieh, S. Johri Perimeter, Intel
Analog QAOA 15-40 global arXiv:1906.02700 (2019) A. Gorshkov, S. Jordan NIST, Microsoft

Benchmarks and Comparison 7 90 arXiv: 1905.11349 (2019) M. Martonosi Princeton

Quasiparticle Confinement 40 global PRL 122, 150601 (2019) A. Gorshkov NIST
[[9,1,3]] Bacon/Shor code 13 54 in progress (2019) K. Brown Duke
Sherrington-Kirkpatrick QAOA in progress (2019) E. Farhi Google
Cluster state generation in progress (2019) R. Raussendorf UBC

Lattice Gauge Thy in progress (2019) Z. Davoudi UMD

Many-body dephasing in progress (2019) F. Marquardt MPL Erlangen

Build it and they will come…



Quantum Scrambling Tests
N. Yao (UC Berkeley)
B. Yoshida (Perimeter)
Nature 567, 61 (2019)

Quantum 
scrambling

• Not just entanglement but the “complete diffusion” of entanglement within a system
• Relevant to information evolution in black holes

P. Hayden and J. Preskill, J. HEP 9, 120 (2007)
L. Susskind and Y. Zhao, arXiv:1707.04354 (2017)

Arbitrary input state

successful teleportation 
if U is “scrambling”:
unambiguous litmus test
(unlike OTOC measurement)

𝑈

𝑈††

U :

scrambling parameter 𝑠𝑖𝑛𝜃
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(1) Prepare spins along 𝑥

(2) Quench spins to

(3) Measure along 𝑥

               

    

    

   

   

   

        

  
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
  
 
 
 

               
    

    

   

   

   
 

 
  

 
     

 

               

    

    

   

   

   

        

  
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
  
 
 
 

               
    

    

   

   

   
 

 
  

 
     

 

               

    

    

   

   

   

        

  
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
  
 
 
 

               
    

    

   

   

   
 

 
  

 
     

 

1

𝑁
෍

𝑖

𝜎𝑥
𝑖

𝐵

𝐽0
= 0.6

𝐵

𝐽0
= 0.8

𝐵

𝐽0
= 1.6

J. Zhang, et al., Nature 551, 601 (2017)

see also H. Bernien, et al., Nature 551, 579 (2017)

increase 
B/J

N=53 
qubits

𝐵/𝐽0

𝐻 =෍

𝑖<𝑗

𝐽0
|𝑖 − 𝑗|

𝜎𝑥
𝑖𝜎𝑥

𝑗
+ 𝐵෍

𝑖

𝜎𝑧
𝑖

1

𝑁2
෍

𝑖𝑗

𝜎𝑥
𝑖𝜎𝑥

𝑗

𝐵/𝐽0 𝐵/𝐽0 𝐵/𝐽0 𝐵/𝐽0

Dynamical Phase Transition with 50+ Qubits



Ion Trap Lab at
JQI-MarylandPhoto: Phil Schewe





System 1



System 3

System 2



N=24 qubits 
preprogrammed

Loading
zone

Quantum 
Computing 

zone

autoloading register 



benchmark algorithms

example circuit: c = 

1101011001

arXiv 1903.08181 
(2019)
arXiv 1902.10171 (2019)

Bernstein-Vazirani ‘oracle’ 
algorithm
Given 𝑓(𝑥) = 𝒄 ∙ 𝒙
Find 𝑛-bit string c

Classical
requires 𝑛 queries

Quantum
requires only 1 query

19-bit oracle:  1101011100110101101



21 qubits

Fully-Connected

21 qubits

Nearest-Neighbor Connected



30

171Yb+ ion

optical
fiber

50/50
BS

50/50
PBS

50/50
PBSH1 V1 V2 H2

Heralded coincident events:
(H1 & V2) or (V1 & H2) → |↓↑ − |↓↑

(H1 & V1) or (V2 & H2) → |↓↑ + |↓↑

(H1 & H1) or (H2 & H2) → |↓↓

(V1 & V1) or (V2 & V2) → |↑↑

l/4

l/4

171Yb+ ion

Scaling?  Link remote emitters with photons

𝑅𝑒𝑛𝑡 =
1

2
𝑅𝑝2

D. Hucul, et al., Nature Phys. 11, 37 (2015)

C. Balance, et al, arXiv:1911.10841 (2019)

Current State-of-art:

𝑝 = 𝜂𝐷 𝑇
𝑑Ω

4𝜋
= .35 .6 .1 = 2%

𝑅 = 1 𝑀𝐻𝑧

𝑹𝒆𝒏𝒕 ≈ 𝟏𝟖𝟎 𝒔𝒆𝒄−𝟏

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

Y.H. Shih & C. O. Alley, PRL 61, 2921 (1988)

Simon & Irvine, PRL 91, 110405 (2003)

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

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

2007: Trapped Ions [Nature 449, 68–71]

2013: Trapped Neutrals [PRL 110, 140403]

2014: NV-diamond [Science 345, 532]

2015: Quantum Dots [Nature Phys. 12, 218]

2016: Superconductors [PRX 6, 031036]



Duan and Monroe, Rev. Mod. Phys. 82, 1209 (2010)

Li and Benjamin, New J. Phys. 14, 093008 (2012)

Monroe, et al., Phys. Rev. A 89, 022317 (2014)

Scaling The Ion Trap Quantum Computer
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