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LHCd* ground state atomic structure
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LHCd* ground state atomic structure

Dn =250-B> Hz (B in Gauss)
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Frequency (MHz)

Hyperfine ground states of °Be*
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Ramsey spectroscopy on field-independent transition in °Be*
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lllCd+
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1H1Cd* measurement

o/2p = 50 MHz
2,1 2,2
2I:)3/2 A
| =215nm
|- A
N 0,0

14.5&3 GHz 2S;,, v
1-1 1.0 1,1 perfect

A qubit detection
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Driving coherent qubit superpositions:
2-Field stimulated Raman transitions

o/2p = 50 MHz
\ 2p, 2,1 22
74 THz
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Spontaneous emission (off-resonant)

g = resonant Rabi frequency P 9 ___
(S-Ptransition strength, optical power) D
g = linewidth of S-Ptransition
D = detuning from excited state
o Effective stimulated Raman Rabi frequency
S
we ¢
D
e Spontaneous emission rate
_ g9
(1+s)(g2)? + ¥ s = |/l = saturation parameter = 8¢/¢f
@ %? for large detuning D

LC\E/ = % probability of spontaneous emission per Rabi cycle

[independent of power for g<<D]
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field-induced spin-motion coupling:
bound-bound transitions in a harmonic molecule

H = - mE(X) — g(S+ @ikex-idt 4 S e- ik-x+idt)

d = detuning from free-atom resonance

ford=(n"-n)w,

W, = Wan'| eih @+2) |nfj

h =kx, =“Lamb-Dicke’ parameter
= (dKk)x, for Raman case (dk=k,—k,)

X = (h/2mw)22
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Lamb-Dicke limit

hn<< 1

N O] (e

(k)N << 1

(k&2 << 1

lon wavepacket is confined to much less thant
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Circa-Zoller Trapped lon Quantum Computer

i K )
P s laser cool to n=0

ground state

] k th qubi

» ® @ B § &P S FPEssEPeEeT R E S s mapjth_qultt.o
collective motion
|aser

J Kk flip kth qubit iff

* 4SSO RBERIERETEE RN " " S collective motion
|aser

J K map collective motion

@8 & B & & P B A PEEe SR e w s & 8

back to jt" qubit

|aser
Ciracand Zoller, Phys. Rev. Lett. 74, 4091 (1995)



Mdlmer-Sdrensen Quantum Gate

Mglmer and Sgrensen, PRL 82, 1835 (1999)

Serensen and Mglmer, PRL 82, 1971 (1999)
N=2ions

uniform

Iilumination
Wo o= (hgOn+1) 2 N (hgln)2
Lo fi ' d -d
_ (h9?* independent
d of motion !
[- A+ ef[-f
0% (within Lamb-Dicke regime)




Aab | A+ |-i
-Ab [ -A+ } N
- AP |- A- | -N
--Ab |--A- | N

e don't need pure state of motion!
(but must be in LD regime)
e no focusing
e can be as fast as direct
sideband Rabi freq



Decoherence of C.O.M. motion

g=daiydt
n~MHz
expect g~ 1 sec (blackbody rad.)
measure g~ 103 - 10 sec™ (1995)
fluctuating patch
potentials on surface
\ g~ 1/d* or even stronger!
- T
Vb0t I d~0.5 mm

- =V

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




COM mode at w
Xcom = XX,

‘L‘\\ noisy uniform

melectricfields

... but still not
out of the woods
<>
Dx

A

“Stretch” mode at wCB
XstR = X717 X5

logical O logical 1

A decoherence-free
subspace!

Xsrr fiXed; Xoo random

b e ) gaefiddlity

Debye-Waller effect



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

guench heating without disturbing internal state
OR symmetric stretch mode

qubit ——> & &  «— qubit

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

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



The Quantum CCD

D. Kielpinski, C. Monroe, D. Wineland, Nature 417, 709 (2002)
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Sympathetic Cooling (again):
guench qubit motion in between gates

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

qubit ——>% & & & < qubit

continuous cooling of middle ion
eliminates heating from uniform fields
[D. Kidpinski... Phys. Rev. A (2000)]



Potential pitfalls in quantum CCD:

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

both are “long wavelength” | ;. phase errors

solution... encode in DFS!

|| I
.:..2
3z 32
-+ 1
—
St

should help when s<«| ;




collective

phase noise
encode app“ed decode
measure
—aM/IS alon + b|1A M/S —
awsalon +bfln I prob. of [ 1
< >
t . . :
noise D. Kielpinski, et. al., Science 291, 1013 (2001)
ambient noise induced noise
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0.7 05 —
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02 | 0.05 —
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How to compute in DFS?
Ans. Molmer/Sorensen gate scalable to arbitrary N!

| ﬁ+|___ P

0%

e.g., 4 ions (Sackett et. al., Nature 2000)

N 13,37
2 fi= |- - - - 7
_O_ 2’Oﬁ: |- - A+ -
2,-20=[  f

Coupling: H=gJ> flipsall pairsof spins




Qubit Decoherence Control

passive
e trapped ion hyperfine states

e 1st-order magnetic field (and AC Stark) insensitive states
e non-C.0O.M. motional modes for multi-ion operations

e Cool to Lamb-Dicke limit to suppress gate decoherence

e sympathetic cooling to qguench unwanted motion

e Decoherence-free subspaces

e Bang-bang control

e Error correction
active



