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N qubits controlled
coupling

… to >99% accuracy*

* provided things have been done right

Quantum Information 
and Atomic Physics
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Atom-atom interaction
• dipole-dipole
• s-wave collisions 
• Rydberg atoms

Atom arrangement/control
• optical lattices
• micro-magnetic traps
• dipole-trap arrays
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Trapped Neutral Atoms



0.3 mm

199Hg+

J. Bergquist, NIST

Aarhus
Alamaden (IBM)
Boulder (NIST)
Munich (MPQ)
Hamburg
Innsbruck

Los Alamos
McMaster (Ontario)
Michigan
Oxford
Teddington (NPL)

Ion Trap QC
Groups:

Trapped Atomic Ions
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111Cd+ atomic structure
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NIST: J. Bollinger, et. al., IEEE 
Trans. Instrum. Meas. 40, 126 (1991)Frequency (relative to 303,016,377.265 Hz)
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>15 minute 
coherence time!

(T1 and T2)

Ramsey interferometry with a
trapped ion HF qubit: atomic clockwork
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Frequency (relative to 14,530,521,3XX Hz)
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qubit initialization
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γ/2π = 50 MHz

perfect initialization
(optical pumping)



qubit measurement
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qubit measurement
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Mapping: (α|↓〉 + β|↑〉) |0〉m → |↓〉 (α|0〉m + β|1〉m)
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More ions: Use collective motion to entangle
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Entangling Ions with Collective Phonons

laser cool to 
rest (n=0)

laser

j k map jth qubit 
to phonon

laser

j k flip kth qubit 
if phonon present

laser

j k map phonon
to jth qubit

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



Cirac-Zoller Scheme
NIST(1995): N=1 ion, F=85%
Innsbruck (2003): N=2 ions, F=71%

Major improvements:
• Don’t need to individually address ions to entangle them
• Don’t need a “pure” state of motion

Thy: Molmer & Sorensen (1999)
Milburn, Schneider, James (1999)

Exp: NIST (2000): N=4 ions, F=57%
NIST (2003): N=2 ions, F=97%
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N=1 ion:  Force = F0|↑〉〈↑|

“State-dependent force” gates

↓ ⇒ ↓
↑ ⇒ eiφ ↑

(φ ∝ enclosed area)

laser

N=2 ions ↓↓ ⇒ ↓↓
↓↑ ⇒ eiφ↓↑
↑↓ ⇒ eiφ↑↓
↑↑ ⇒ ↑↑

e.g., force on stretch mode only

φ= π/2: π-phase gate
NIST (2003): 97% Fidelity



Ultrafast force gates (theoretical):

• Don’t need ∆x < λ (Lamb-Dicke confinement not required)
• Not speed-limited by motional trap frequency 

Thy: Garcia-Ripoll, Zoller, Cirac (2003)
• OK in the presence of other ions

Thy: Duan (2004)

Exp: Need good pulsed lasers!
(eg., 1 GHz rep rate, τ=1 psec)
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Multi-zone trap to shuttle ions
eg., teleportation with three ions
(NIST, 2004)



New Trapology (J. Chiaverini, NIST)

Field lines:

dc      rf       dc      rf       dc

Planar trap

RF

DC

200 um

1 mm

Splitting electrode
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Using a photon as the data bus
“DiVincenzo 6,7”

cavity-QED (trap the photon too)
CalTech
ENS-Paris
MPQ-Garching
…

Ensemble spin-squeezing
Copenhagen
Rochester
Harvard
…

entanglement of atom & photon: 
must have excellent control of both atom and photon



Ideal quantum memory
trapped atomic ion

Quantum communication channel
photon: “flying qubit”

optical fiber

trapped
ions

trapped
ions
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Probabalistic entanglement between 
a single atom and single photon

50ns weak pulse
Pexc~ 0.1

π (∆m=0)

σ± (∆m=±1)

see only σ±

π
σ+σ−

τ ≈ 3 nsec



PBS
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|ψ〉ideal = |H〉|↑〉 + |V〉|↓〉

… and after rotation 
of each qubit by π/2 
before measurement

Measured correlation 
between atomic and
photonic qubits…

Entanglement Fidelity: F = 〈Ψideal|ρ|Ψideal〉 > 87%

Blinov, et. al., Nature 428, 153 (2004)



PBS

D D

Can use this technique to seed 
remote ion-ion entanglement…

Speed of gate:

R = Γ(Psucc)2

= 0.01/sec now

= 106/sec possible

coincidence 
photon

detection

… and form the basis for scalable QC
Duan, et. al., Quantum. Inf. Comp. (in press), quant-ph/0401020 

Here There



Physics Today
March, 2004
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