High fidelity quantum gates
in trapped ions

David Jarausch, Samuel Hausler
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Qubit

= |nternal (atomic) and external (motional) degrees of
freedom

= Electronic ion levels to store quantum information
= Laser field couples qubit levels

Two-level ion Harmonic trap
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Trapping — Linear Paul Trap

= Charged particles confined by EM fields
= oscillating potential between diagonal rods
= other rods are grounded
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where &g = Uy + Vj cos (2t

ring electrode

rod electrode

trap axis -

trapped ion
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Momentum change due to
absorbed photon

IT 02 /2
C hw22024+92/2412/4

Spontaneously emitted photons
randomly distributed

Laser frequency red/blue shifted
due to doppler effect

Adjust laser frequency or
transition frequency for
absorption process




Readout

= Read out internal state

auxillary auxillary

SN
photon

1)

= jon fluoresces = jon does not fluoresce

= Quantum non demolition measurement
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Geometric Phase Gate

= Two qubit gate with two ions
= Acts on internal degrees of freedom

)

1)
[11)

1)




Geometric Phase Gate

= Jons in same trap

. . Normal modes
=  Coulomb interaction

harmonic trap

potential Common mode wc¢

G_) < > @ Stretch mode ws

Coulomb
repulsion

lons share motional state
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equilibrium
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Geometric Phase Gate
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|1PS> excited

external force drives stretch mode external force does not drive stretch mode

= phase acquired nor common mode = no phase acquired




Geometric Phase Gate

Lasers create interference
pattern

d € 2/ AKZ
= lons ,feel“ same E-field

Dipole force depends on internal
state [ — V(- E)
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Geometric Phase Gate

w1, W2 detuned to ions transition
= internal states not affected
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Geometric Phase Gate

= two °Be* ions
= initialized by cooling |1{)|n = 0)|n =
= pulse sequence
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Geometric Phase Gate

= Analysis pulse phase ¢
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spin echo sequence

displacement pulse
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90 Time, t (us)

(4 = 111) erpocted
50% [14), 50% |[11) also possible
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Geometric Phase Gate

= Parity H(¢) = P¢¢(¢) + PTT(gb) - [PTi(d)) + P¢T(§b)]
— . —a—— 50% | 1), 50% | 1)
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"0 180 360 540 720
Analysis pulse phase, ¢

= Geometric phase gate works!
= Fidelity 0.97 £ 0.02
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Molmer-Serensen Gate

= Maps separable states onto max. entangled states
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Molmer-Sorensen Gate

= Gate operation by 4 different 2-photon processes in 4°Ca*

[11)[n)

[ ) [n)

= |ntermediate states enter virtually
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Molmer-Sorensen Gate

= Gate operation by 4 different 2-photon processes in 4°Ca*
[ 1) n)

H = hQei®s, (e—i(5t+C) 4 ei(5t+<)) gin(ae ™ ratel) |y
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Molmer-Serensen Gate

Gate operation described by propagator
U(t) _ e—iF(t)SxD(a(t)syw)e—i()\t—l—x sin(l/—(s)t)st

Laser intensity nQ2 = | — v|/4 and t = Tyate = 27/|6 — V|
Ugate p— e_i%‘si
Multiple application of bichromatic pulse of duration Tgate

1) — %(!W FA[) = 1) - %(\m FAL)) L)

Maximal entangled states for
t:ngatey m€{1,3,}
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Molmer-Sorensen Gate
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Molmer-Sorensen Gate
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Molmer-Sorensen Gate

= Fidelity

exp )

eX 1 (S ¢ exX
E'= (i p™Pln) = S(p 0y + pypgy) + Im(p)

= Multiple Spin-Flip Operations (21 operations)
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Molmer-Sgrensen Gate
. Fidelity
eX 1 (S ¢ ex ecX
F = (ilp™P ) = 5 (01101 + Prppe) +Imlp)) )

= Multiple Spin-Flip Operations (m)

1.0

1
po+p1 = §<Pu,u + Prt,11)

Combined for ®*
Fe1 = 0.993(1)
Frneo1 = 0.80(1)

2|ppprssh Fw Po+ P2

2p11,40




Comparison

Malmer-Seorensen Gate Geometric Phase Gate

High fidelities

Universal two qubit gates

e Collective spin flip due to 2 photon e Map internal states to shared
process motional state

e Periodic entangled and disentangled ¢ Accumulate phase by motion
state

12 December 2011



