Entangled states of trapped atomic ions
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To process information using quantum-mechanical principles, the states of individual particles need to

be entangled and manipulated. One wayto do this is to use trapped, laser-cooled atomic ions. Attaining a
general-purpose quantum computer is, however, adistant goal, but recent experiments show that justa few
entangled trapped ions can be used to improve the precision of measurements. If the entanglement in such
systems can be scaled up to larger numbers of ions, simulations that are intractable on a classical computer

might become possible.
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lon Paul traps

A charge acted on by electrostatic forces can not
rest in a stable equilibrium in an electric field.
« O= O, +(V,/2r,%) cos(wt)(x?-y?)



lon Paul traps

Harmonic trap

lo

40Ca+ ions

* Analogy : harmonic oscillator potential and equally
spaced energy levels.



Laser cooling
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Laser cooling
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Single Qubit

* The ion’s ground state Two-level ion Harmonic trap
g and excited state e, €) \ i
S, — D¢, Interacts with y g] e R \ /

radiation characterized \E;mm
by the Rabi frequency Q.

Coupled system e, n+1)

_ _ le, n)
*Coupling of spin and e.n-1)
motional degrees of e -
* g n+

freedom (e.g. |g,n> ->
le,n+An> [An=%1,0]) g, n-1)




Qubit state measurement

Qubit state of an ion can be detected by fluorescence
measurement from an auxiliary state S;,,-P5,



Two Qubit Gates:
Various ways to entangle

* Cirac-Zoller gate
— Entanglement of two qubits via sting mode

* Phase gate
— State dependant phase switching

 Mglmer—-Sgrensen gate
— Entangling with simultaneous irradiation



Cirac-Zoller Gate

* RAn(ev(P):

cos(0/2)|g,n> +
ie'?sin(6/2)|e,n+An>

* RAn(ev(P):

ie'vsin(6/2) |g,n> +
cos(6/2) |e,n+An>
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Implementation in 4°Ca*

* Implemented in S1/2 ground state and
metastable D5/2 state (lifetimet<1s)
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Mglmer—Sgrensen Gate

« Entanglement

mediated through the
vommon vibrational
mode

« Simultaneous spin
flips

 Yields fidelity
F=99.2(1)%

State populations




Conclusions

» Fidelity Threshold: two qubit gates
— Cirac-Zoller, Mglmer—-Sgrensen.

* Trapped lons are the most promising
candidate for error correction.



