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Trapped Atomic Ions
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171Yb+ qubit detection
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171Yb+ qubit detection
1

Yb qubit detection

2P1/2

γ/2π = 20 MHz detection fidelity: F~98.5%

2.1 GHz
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171Yb+ qubit manipulationYb qubit manipulation
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Suppressing Spontaneous emission: 355nm
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National Ignition Facility (LLNL)
355nm355nm

Pavg=4W at 355nm
120MHz rep rate
10 psec pulses



Ultrafast/ultraclean control of a single spin
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Ion Trap Quantum Networks

• Local connections through the 
Coulomb/dipole interaction

• Nonlocal connections • Nonlocal connections 
with photons



Electronic

171Yb+ qubit with motion
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Trapped Ion Quantum Computer

Internal states of these ions entangled

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



Transverse Modes in a linear trap

transverse
modes

axial
modes

frequencyfrequency

• higher frequency (cooling easier; less motional decoherence)
• controllable bandwidth
• little crosstalk between modes



Raman spectrum of N=9 ions
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Global spin-dependent forcep p

F = F0|↑〉〈↑| − F0|↓〉〈↓|F  F0|↑〉〈↑| F0|↓〉〈↓|



Global spin-dependent force
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Resonant-enhanced force
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Quantum simulations with ions

D. Porras and J. I. Cirac, Phys. Rev. Lett. 92, 207901 (2004)
A. Friedenauer,... T. Schaetz, Nature Physics 4, 757 (2008)
K. Kim et al., Phys. Rev. Lett. 102, 250502 (2009), y , ( )
K. Kim et al., Nature 465, 590 (2010)
E. Edwards et al., Phys. Rev. B 82, 060412 (2010)

from S. Lloyd, Science 319, 1209 (2008)
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Ferromagnetic couplings J12=J13=J23 < 0
FM FM

FM

ground state is entangled

|Ψ〉 = |↑↑↑〉+|↓↓↓〉
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K. Kim, et al., Nature 465, 590 (2010)
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Simplest case of spin frustration J12=J13=J23 > 0
AFM AFM
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K. Kim, et al., Nature 465, 590 (2010)

still entangled!
still entangled! P0 P1 P2 P3

Frustration ⇔ Entanglement
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Emergence of ferromagnetism vs. N
(uniform couplings)
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Distribution of magnetization for N=2,3,..9 spins
(Uniform FM couplings)
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slight change
in μ or By

FM order “Kink” order

FM interaction

AFM interaction

Can quantum computers solve NP-complete problems?



Ion Trap Quantum Networks

• Local connections through the 
Coulomb/dipole interaction

• Nonlocal connections • Nonlocal connections 
with photons



Linking atoms with phonons photons
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0,0 = ↓ Blinov, et al., Nature 428, 153 (2004) 
Madsen, et al., PRL 97 040505 (2006)



(|↓〉1|blue〉1 + |↑〉1|red〉1) ⊗(|↓〉2|blue〉2 + |↑〉2|red〉2)
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⇒ |↓〉1|↑〉2 − |↑〉2|↓〉2 ENTANGLED!
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Detect coincident 
event:

α|↓〉|↑〉 − β|↑〉|↓〉

teleportation
between
remote atoms

qubit uploaded Measure qubit uploaded 
to ion #1

α|↓〉 + β|↑〉

Measure 
ion #1

|↑+↓〉 or |↑−↓〉

ion #2 in 
known state

|↓〉 + |↑〉

if |↑+↓〉 then ion #2 in α|↑〉 + β|↓〉
if |↑−↓〉 then ion #2 in α|↓〉 − β|↑〉

|↓〉  |↑〉

S. Olmschenk, et al., Science 323, 486 (2009)



tomography of teleported state State
Teleported Fidelity

|↓〉
|↑〉

|↓〉 + |↑〉
| 〉 | 〉

0.93(4)
0.88(4)
0.91(3)

|↓〉 − |↑〉
|↓〉 + i|↑〉
|↓〉 − i|↑〉

0.88(4)
0.92(4)
0.91(4)

〈Fidelity〉 > 0.90

Teleportation: S. Olmschenk, et al., Science 323, 486 (2009)
General Gate: P. Maunz, et al., Phys. Rev. Lett. 102, 250502 (2009)

private random number generation: S. Pironio, et al., Nature 465, 590 (2010)

1 bit: 12 minutes

p g ( )

1500 events = 300 hours



Quantum networking with probabalistic entanglement

Quantum repeatersQuantum repeaters
Briegel et al., PRL 81, 5932 (1998)

Distributed quantum computing with hybrid gatesq p g y g
Duan, et al., Quant. Inf. Comp. 4, 165 (2004)

Nlog
Connection time:

p
Nlog~τ



Large scale vision (103 – 106 atomic qubits)g ( q )
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