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2 µm

111Cd+



0.3 mm

Bergquist, Itano, Wineland (NIST-Boulder)

199Hg+ (mostly)
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111Cd+ ground state atomic structure
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111Cd+ ground state atomic structure
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NIST-Boulder, 1989

Ramsey spectroscopy on field-independent transition in 9Be+
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10 minutes!
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111Cd+ measurement
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111Cd+ measurement
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Driving coherent qubit superpositions:
2-field stimulated Raman transitions



g = resonant Rabi frequency
(S-P transition strength, optical power)

 γ = linewidth of S-P transition
 ∆ = detuning from excited state

∆

γ
Spontaneous emission (off-resonant)

Ω
Γ

γ
∆= probability of spontaneous emission per Rabi cycle

[independent of power for g<<∆]

∆Ω =
g2

• Εffective stimulated Raman Rabi frequency

 Γ =

 ≅

g2γ
(1+s)(γ/2)2 + ∆2 s = I/Is = saturation parameter = 8g2/γ2

g2γ
∆2 for large detuning ∆

• Spontaneous emission rate

S

P



Ion     γ(MHz)  ∆fs (THz) γ/∆fs

Be+ 20 0.2 10-4

Ca+ 25 7 3·10-6

Sr+ 40 20 1·10-6

Cd+ 50 74 7·10-7

Hg+ 70 330 2·10-7
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field-induced spin-motion coupling: 
bound-bound transitions in a harmonic molecule

H = −µ•E(x) = g(σ+ e ik•x-iδt + σ−e −ik•x+iδt) 

δ = detuning from free-atom resonance
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n´

for δ = (n´−n) ω ,

Ωn,n´ = Ω〈n´| e iη (a+a ) |n〉

η = kx0 = “Lamb-Dicke” parameter
= (δk)x0 for Raman case (δk=k2–k1)

†

x0 = (h/2mω)1/2
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Lamb-Dicke limit

η2n << 1

….or…

(kx0)n << 1

(k〈x〉)2 << 1

ion wavepacket is confined to much less than λ
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Circa-Zoller Trapped Ion Quantum Computer

laser cool to n=0 
ground state

laser

j k map jth qubit to 
collective motion

laser

j k flip kth qubit iff
collective motion

laser

j k map collective motion 
back to jth qubit

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

j k



N=2 ions

Mølmer and Sørensen, PRL 82, 1835 (1999)
Sørensen and Mølmer, PRL 82, 1971 (1999)

|↓↑〉 + eiφ|↓↑〉
√2

|↓↓〉

|↑↑〉

n−1
n

n+1

n

n

δ

Molmer-Sorensen Quantum Gate

n1/2

n1/2

(n+1)1/2

(n+1)1/2

uniform
illumination

(ηg√n+1) 2

δ
(ηg√n) 2

−δ+

(ηg) 2

δ

(within Lamb-Dicke regime)

independent
of motion !

Ω↓↓,↑↑ =

=



|↓↓〉 ⇒ |↓↓〉 +  |↑↑〉
|↓↑〉 ⇒ |↓↑〉 +  |↑↓〉
|↑↓〉 ⇒ |↑↓〉 − |↓↑〉
|↑↑〉 ⇒ |↑↑〉 − |↓↓〉

• don’t need pure state of motion!
(but must be in LD regime)

• no focusing
• can be as fast as direct

sideband Rabi freq



Decoherence of C.O.M. motion

γ = d〈n〉/dt

measure γ ∼ 103 − 104 sec-1 (1995)

expect γ ∼ 1 sec-1 (blackbody rad.)

ν ∼ MHz

fluctuating patch
potentials on surface

d∼0.5 mm

γ ∼ 1/d4 or even stronger!

USE CLEAN ELECTRODES!  Q. Turchette, et. al., PRA 61, 063418 (2000)



noisy uniform
electric fields

COM mode at ω
xCOM = x1+x2

“Stretch” mode at ω√3
xSTR = x1−x2

logical 0 logical 1

A decoherence-free
subspace!

λ

∆x

xSTR fixed; xCOM random

⇒ e −(∆x/λ)2 gate fidelity

Debye-Waller effect

… but still not
out of the woods



“ion-in-the-middle” sympathetic laser cooling: 

quench heating without disturbing internal state
OR symmetric stretch mode

continuous cooling of middle ion 
eliminates C.O.M. heating from uniform fields
(tight focusing, or different species)

qubitqubit

D. Kielpinski, et. al., Phys. Rev. A 61, 032310 (2000)



quantum
memory

“refrigerator” ions

The Quantum CCD

few mm

D. Kielpinski, C. Monroe, D. Wineland, Nature 417, 709 (2002)



“accumulator”



target quantum
bits entangled

(M-S gate)

laser
pulse



quantum bits 
individually

rotated

laser
pulses





Sympathetic Cooling (again): 
quench qubit motion in between gates

continuous cooling of middle ion 
eliminates heating from uniform fields

[D. Kielpinski… Phys. Rev. A (2000)]

cooling of #2, #4 (after shuttling, but before gates)

qubitqubit



Potential pitfalls in quantum CCD:

• fluctuating magnetic/electric fields
• repeated positioning of ions in accumulator 
to better than optical wavelength

both are “long wavelength” λφ phase errors

solution… encode in DFS!

|1〉L = |↓〉|↑〉 − i|↑〉|↓〉
|0〉L = |↓〉|↑〉 + i|↑〉|↓〉

should help when s<<λφ s



D. Kielpinski, et. al., Science 291, 1013 (2001)
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Coupling:  H = γ Jx
2      flips all pairs of spins

|2,-2〉 = |↓↓↓↓〉

|2,0〉 = |↑↑↓↓〉 + ···

|2,2〉 = |↑↑↑↑〉

How to compute in DFS?
Ans: Molmer/Sorensen gate scalable to arbitrary N!

|↓↓↓···↓〉 ⇒
|↓↓↓···↓〉 + |↑↑↑···↑〉

√2

e.g., 4 ions (Sackett et. al., Nature 2000)
| J,Jz〉



• trapped ion hyperfine states

• 1st-order magnetic field (and AC Stark) insensitive states

• non-C.O.M. motional modes for multi-ion operations

• Cool to Lamb-Dicke limit to suppress gate decoherence

• sympathetic cooling to quench unwanted motion

• Decoherence-free subspaces

• Bang-bang control

• Error correction

passive

active

Qubit Decoherence Control


