&/ & Deterministic Entanglement and Schrédinger Cat

MINA
TIO

| States of Trapped-lon Spin-Qubits

\é{ G.Imreh, J.P.Home, B.C.Keitch, M.J.McDonnell, D.J. Szwer, N.R.Thomas, N
D.M.Lucas, D.N.Stacey and A.M.Steane Ressarch supported by

E.U. (CONQUEST/SCALA)
EPSRC (QIP IRC)

Centre for Quantum Computation, Clarendon Laboratory, Oxford University, U.K.  roa st

Main points Spin-dependent force  Non Lamb-Dicke Schrodinger Cat

| | | | For two-qubit gates we use spin-dependent forces: Coherent states of a harmonic oscillator approximate to classical motion, and a
We present experiments and theory in quantum information ~ push ions depending on spin state superposition of such states at mesoscopic excitation <n> is analagous to the
processing using trapped ions. — Coulomb interaction gives a two-qubit phase. Schrodinger's cat thought experiment.
The force is an optical dipole force in a standing wave with Oscillating spin-dependent force — create such mesoscopic superpositions with
The poster concentrates on entanglement and tomography ~ polarization gradient. single or pairs of ions. Spin state = measuring device entangled with the motion. We
experiments with calcium 40 ions: see also accompanying oo\ laser beam directions prove the ‘cat’ maintains its coherence by bringing the two parts back together and
poster for calcium 43 work. 7 observing an interference. [As first demonstrated by Monroe et al. Science 272 1131
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We experimentally observe the reduction in the return time > outside L-D regime

¢ Aclassical force displaces the motional state in phase space. . : ;

summary of Results i o, 1 =2.27,8 /2= 6.78 kHz, Y = 206 ms’ .
. . i F : |.I. d A 1 A ef i I
+10 two-ion (2 qubit) Rabi flops with high visibility ¢ In Lamb-Dicke regime, extent of motional wavepacket << A the rnnge ampiifuae : .
¢ Deterministic entanglement of 2 ions (calcium 40 spin qubits) force appears to be spatially L_miform, anc_l an oscillating force drives A= ’ <@T‘ al> ’ i /(‘:\ : _
at 83(2)% fidelity the motional state around a circular loop in phase space. It returns to oL, . . | ' |
¢ Non Lamb-Dicke regime Schrodinger cat with 1 ion and the origin after t = 27/5, where 6 = © — o, 0 >0 190 ff?O 5290
motion: : i ; : |
o up to 4.0 (< n >=16) ¢ Outside the Lamb-Dicke regime, the trajectory of the motional state Fringe phase 6_10 : .
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also a = -2,9,+2 with 2 lons We simulate the behaviour outside the return time of t=2m/0

motional wavepackets

¢ robust convenient tomography method
¢ 170 ms coherence time for Fock state superposition in *’Ca
+0.9 s coherence time for "clock state" qubit in “Ca.

Lamb-Dicke regime by numerical
integration of Schrodinger's

We observe cat states with Ao = 5.4, a__ =4, and coherence
time T,=170 pus.

Deterministic entanglement Moving ions

eDetferministic (i.e. single-shot, no post-selection) entanglement of 2 spin-qubits e Scaling up ion trap quantum Moving an ion
egate uses oscillating spln-depgndent dr|V|r_19 for.ce used to create Schro§hnger cats, with computers _mvolves using large 5 x10™ To derive the optimum electrode voltage
force frequency close to wstr & ion separation = integer number of standing wave number of ions. 2 control sequence:
periods - | D) — e®11) g osl - -
=> On|y stretch mode excited | =1 | o I\/Iany ions in the same trapping E ) | | | ¢ Choose a SUlta.ble fUﬂCtIOﬂl for the
=> states T, 7T acquire a phase; 17, ! do not e region — many motional modes; " .7 Gmewsy ¥ ™ momentum of the lon as function of time.
», V1 acq P ! ’ ' Y nany . ’ _ o osx10 . . . This defines the displacement and the force
e (Gate operation 1 05 | | difficult to isolate a single mode. 5 :
( \ _ / - o—/\/ on the ion.
A ) S 8 _s5i - : : : : :
U = L E e One solution: use a small number of 8 _12 | | | | ¢ Using prior simulations in CPO, deduce
K ! 1 k/ ions in each trap and move ions 0T Gmewsy the(;/olta?ﬁs g” the deflectrode?hrequwed to
~0.5] | around an array of traps_ % 1 ' ' | | pro l.JCe e_ esired 1orce on tne 1on as a
( Leibfried et al. [Nature 422 412 (2003)].) 1D =TT }lg(in/e{anlc(j. el; all" xll\.ll';’es. 2’11‘37(-27000%)(7998) _2‘05 / function of time.
b | | ] ielpinski et al., Nature y :

. . . . . . ® O Gat © ime (us .
Single pulse method: Implements gate + single qubit rotations (due to light shift). Sa © t Advant o (I) ling in ti d final disol £ M bl
For A_ =2mandt=1/5, we get the entangled state. . <4— ® ® —p Separate vantages: simple scaling in time and final displacement. Many possible

. . . £ ® > @ Move choices for momentum function.
- 175 — 1) A further n/2 analysis pulse with variable =
T L — -0 S :
P i V2 phase ¢ demonstrates cos(2¢) oscillations Recombine —p @ © €¢— .
2 f ) 7 " 2 2? in the parity signal with amplitude >0.5. A Gate ® o Separating ions
b Orcve | | Entangled state fidelity > 74(3)% Voltage control sequence The ions’ trajectory o .
Diagnostic experiment, scan T I - OOG®DB () 06 eparating IO_nS
08 L P(I) + P , e Time scale set by trap frequency o, oe , , , | = at trap centre:
I e, 0.5 (t >> 1/w, for adiabatic movement) 20| — £ i Using symmetries
§ : /D/D \B\ /é/ﬁ//‘\\a\‘\ﬁjx@f’g /P<TT) .go s % | the problem
2,041/ eiel. . A& = e Move ions by changing voltages 2 o simplifies to a one
02 4 < °¢ ¢ ¢ - -0.5 " . § on segmented DC electrode. g | = | lon movement
o/ ¢ o o .
0 ee® | B r="T77Tus \ \ | o > £ | proc;esl.[s.5 T(I‘:}IS
0 50 100 150 7(us) o -n 0 - o o Simulate the trap potential in o 2 | cannot be done
| | | ¢ (rads) Charge Particle Optics (CPO) 2 when separating
Two pulse method: One pulse in each half of spin-echo. Single qubit rotations cancel. program package. % 0 100 ( 15)0 200 250 o s e o 2 =0 lONs off-centre.
ime (us time (us)

Entangled state density matrix reconstructed using tomography method (see below).
Fidelity 83(2)%

Cool

o Measure

o New trap designs

Tomography: In general, tomography involves accumulating information by applying
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_ _ _ _ _ _ Macroscopic trap to study ion separation and movement: Micron-scale trap:
well-chosen rotations to the qubits and measuring them in a fixed basis. We developed a e 7 pairs of DC electrodes, 4 RF electrodes e Microfabricated tungsten on silicon planar geometry.

converient S.Chtehme W:'Ch o r‘ib”St against pical elxpe””]leﬂtaglssuhes' . » Up to 3 separate trapping regions along the trap axis. e Scalable fabrication process.
e rotation s through 9 about an axis ¢ in the x-y plane of the Bloch spere. ¢ is e The operating voltages were deduced by simulating the trap e Mounted on chip-carrier.
[

scanned from -n to m: P(spin state) =Z(sinusoidal functions of ¢): this allows robust in CPO: RF: 1kV @ 10 MHz, DC range: (-25V,+25V) |
curve-fitting of sin functions with period n and 2r and an offset. Each contribution to the e All RF electrodes are in phase. Good optical access.

fit yields 1 or 2 real numbers; two values of 6 are needed for complete information. A
maximum likelihood estimation method is then used to obtain the physical density matrix
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closest to that obtained from the data. | | Tilted view of the trap 0. 7mn
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= == (Our measurement method does not distinguish TV
U oS from 4T, but this has little influence for this example).
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