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We propose a new system for implementing quantum logic gates: neutral atoms trapped in a very
far-off-resonance optical lattice. Pairs of atoms are made to occupy the same well by varying the
polarization of the trapping lasers, and then a near-resonant electric dipole is induced by an auxiliary
laser. A controlledvOT can be implemented by conditioning the target atomic resonance on a resolvable
level shift induced by the control atom. Atoms interact only during logical operations, thereby
suppressing decoherence. [S0031-9007(98)08347-1]

PACS numbers: 03.67.Lx, 32.80.Lg, 32.80.Pj, 32.80.Qk

Any computation is constrained by the physical lawstions. Such a system has two advantages: decoherence is
governing the machine that carries out the operationsuppressed because neutrals couple weakly to the environ-
Conventional computers operate according to the laws ahent, and operations can be performed in parallel on a
classical physics, but an entirely new class of computertarge ensemble of trapped atoms, thus offering avenues for
is possible using physical components that are governestaling to many qubits. The main source of decoherence is
by the laws of quantum mechanics [1]. At the heart ofspontaneous emission, but this can be negligible if all ma-
guantum computation is the entanglement of many twonipulations are performed rapidly compared to the photon
state systems (qubits), which form the register of thescattering rate. To see that this is possible, consider the
quantum computer. The requirements for creating andollowing scaling argument. The photon scattering rate is
maintaining such a highly entangled state seem to b&’ = sI'/2, wheres is the saturation parameter, propor-
almost contradictory: the qubits must be strongly coupledional to the excited state population, afid~ k3|d,,|*/#
to one another and to an external field to produce thés the spontaneous emission ratebheing the wave num-
conditional-logic operations for quantum computation, yetoer of the photon and,, the dipole matrix element be-
coupling to other external influences must be minimizedween the ground and excited states. For atoms spaced at
because it leads to decoherence. Quantum error correctialistances small compared to the optical wavelength, re-
[2] and fault-tolerant computation [3] promise to defeattardation effects are negligible, and the level shift aris-
the deleterious effects of decoherence, but only if theng from the near-field dipole-dipole interaction scales as
coupling to the environment is sufficiently weak. Vaa ~ {d){d>)/ri>, Where(d) is the dipole expectation

Several physical realizations of quantum computatiorvalue, andr;, is the characteristic separation between the
have been proposed. One of the most promising is basetipoles. For weak (nonsaturated) excitatigh ~ /s d.,,
on storing each qubit in the state of an ultracold trappedo the ratio of interaction energy to scattering rate scales
ion [4]. lons interact strongly via their mutual Coulomb as k ~ V, /Al ~ (kr1»)~3. Thus, if the atoms can be
repulsion, thus allowing unitary manipulation of the tightly confined to relative distances small compared to
qubits’ joint state to be achieved with lasers [5]. Becausehe wavelength, one can induce a coherent dipole-dipole
of their charge, however, the ions interact strongly withinteraction with negligible photon scattering. The central
the environment, giving rise to decoherence channels frorpoint is that the coherent level shift can be enhanced sub-
technical noise sources [6]; possibilities for surmountingstantially through tight confinement, while the cooperative
these problems are currently being explored [7]. Elementspontaneous emission rate cannot increase by more than a
of quantum computation have also been implementefactor of 2 (the Dicke super-radiant state) over that of an
in standard NMR apparatuses [8] and in cavity QEDisolated atom. In addition, since the resonant dipoles can
[9], but these schemes are at present difficult to scalbe turned “on” and “off” at will, atoms can be made to in-
to many qubits. Solid-state systems, including quantunteract only during the conditional logic operations and not
dots [10], have also been proposed for realizing quantunduring single-qubit manipulations or during periods of free
computation, but the strong interactions that exist inevolution, thereby reducing coupling to the environment.

a condensed-matter environment make decoherence aAs a concrete implementation, we consider here the
difficult problem. A recent proposal [11] to marry NMR use of neutral alkali atoms trapped in a far-off-resonance
techniques with silicon technology looks promising. optical lattice, periodic potentials created by a set of

We propose here a new system for implementing quaninterfering laser beams in which atoms are trapped via the
tum logic gates: trapped neutral atoms made to interacic-Stark shift [12]. By detuning the lasers very far from
via laser-induced coherent electric dipole-dipole interacresonance, photon scattering is greatly reduced. Through
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a combination of near-resonance Sisyphus laser coolinthe anglef between the longitudinal lasers’ polarizations
and resolved-sideband Raman cooling [13], atoms cawmaries the distanceZ between the minima of these
be prepared in the ground state of the potential wellswells according tok; 8Z = tan !(tan6/2). Two atoms
In a recent experiment-10® Cs atoms were cooled in trapped in neighboring wells can be brought into the same
a two-dimensional optical lattice, with mean vibrational linearly polarized well by rotating the lasers’ polarizations
excitation 7 = 0.01 [13]. Such atoms can be tightly to parallel, adiabatically compared with the oscillation
confined, with an rms spread on the orderdof = A/50  frequency in the well. For large detunings stimulated
for reasonably deep wells, and are thus good candidates f&aman transitions by the lattice lasers are suppressed and
inducing coherent dipole-dipole interactions. Accordingthe atom maintains its internal state. Once in the same
to the discussion above, the ratio of the level shift to thewell, the atoms can be made to interact by applying an
linewidth is k = C/7n3 = 500C, wheren = kAx is the auxiliary “catalysis laser” that excites the atomic dipoles
Lamb-Dicke parameter, and is a humber depending on for a short time. A rotation of the laser polarization
the details of the geometry, to be determined below. beyond 90 slides the potential wells by more than a
Consider a 3D optical lattice, detuned far to the bluequarter wavelength. A given; atom can thus interact
of atomic resonance, with atoms trapped at the nodesequentially with all othero— atoms, and an arbitrary
thereby minimizing photon scattering, and which trapsentangled state within a tube can be created.
atoms deep in the Lamb-Dicke regime (see Fig. 1). The For each of the atomic types+, we define a com-
“transverse” beams confine the atoms in tubes orientedutational basis|1)-,|0)+, of logical one and zero (see
along thez direction and the “longitudinal” beams produce Fig. 2),

standing waves ob, and o_ light within each tube. Do = F Mo = +1) ® |n =
The polarization gradient of the longitudinal fields allows IDs =17, Mp = =1) & In = 0),
the distinction of two “types” of atoms: those trapped |0)+ = |F|,Mr = ¥1) ® |[n = 0),

at the nodes ofr.-polarized wells and those trapped at,here Fi =1 * 1/2 denotes the two hyperfine levels

noq.es ofa_-polarizeq wells. Central to our method is t'he associated with theé,, ground state and nuclear spin
ability to vary the lattice geometry dynamically: changlng(ha|f integer), My is the magnetic sublevel, arfjd = 0)

is the vibrational ground state of the associated potential.
Single-qubit operations can be performed via pulses that
are Raman resonant with one type of atom. Two-qubit
operations involve conditioning the state of one atom
on the state of the other. For examplecreoT can be
performed in the following way. Two atoms are made to
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FIG. 2. Schematic energy levels for tlE line of a generic
FIG. 1. Schematic of a 3D blue-detuned optical lattice. Twoalkali in the presence of a small longitudinal magnetic field
pairs of 7-polarized beam&, provide transverse confinement, (not to scale). The computational basis states for atoms that
and the beamg (at a different frequency) provide longitudinal follow o~ light are indicated. The catalysis lases. is
confinement ino+ ando_ standing waves. The solid (dotted) near resonant fofl). states. The transverse and longitudinal
contours represent the resulting ellipsoidal potential wellstrapping frequencies»; and w| are detuned very far to the
associated witho. (o-) polarization, separated pairwise by blue of resonance. Unitary manipulation via Raman pulses
6Z, as a function of the relative polarization angle connecting only thé0).. and|1). states is shown.
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reside in the same well as described above, and a weakis widths xo # zo. Figure 3 shows a plot ofx,
mr-polarized catalysis-laser field, propagating in the  calculated numerically, as a function. = kxo andn) =
plane, is used to excite a near-resonant atomic dipolézy. Over the range of values showfgoo(r,6,)) = 1,
If this laser is tuned to theS;,, F;) — |Psj2, Flae  1-€., full cooperativity. Given experimentally accessible
resonance, wheré’ . =1 + 3/2, a dipole is excited localizationsx, = A/60 and zo = A/30, corresponding
only if the atom is in the|F;) state (i.e., the logical to n, = 0.1 and 5 = 0.2, the figure of merit isk =
states|1)+). The dipole-dipole interaction thus causes—19.3. This is sufficient to resolve the level shift and
a shift only of the|1)— ® |1)+ two-qubit state and has perform a two-bit logic gate with reasonable fidelity.
neither diagonal nor off-diagonal matrix elements betwee\n approximate expression fot, neglecting retardation
any of the other two-qubit basis states. If the type effects, is
acts as the control bit and the; acts as the target,
a Ramans pulse on the shiftedl)- ® |1}y < |1)— ® K~ ———5—
|0); transition achieves anoT with the usual truth table. 87 i
The polarizations of the Raman lasers and an external 7> 73 0 nEn
magnetic field ensure that the pulse does not drive any X |72 - 35 +3| 5 + — |tan | — | |,
other transition. Once the logic operation is executed, the L i e K
state of a register can be read out as in the ion trap [5], bwheren 2 = 77”’2 — n1%. Keepingn, fixed and maxi-
applying first a sequence of Raman pulses to isolate thmizing with respect to the ratia)|/n. gives kmax =
population of that register in thig";) hyperfine state, and —0,017/773L for a ratio (n/7 1 )max = 2.18. The small
then detecting the amount of fluorescence on the cyclingrefactor stems mainly from the fact the relative coordi-
transition|S; 2, F1) = |P3/2, Fla- nate rms in 3D is at leasy6 times the rms for a single
The dipole-dipole interaction is dependent both on theparticle in 1D.
internal electronic states of the atoms, which determine An experiment to characterize the performance of the
the tensor nature of the interaction, and on the motionajuantum gate can be performed as follows. Consider the
states, which determine the atomic wave-function overlapneasurement of thenoT truth table on arensembleof
with the dipole-dipole potential. In the low saturation identical atomic pairs. After the atoms are cooled and
limit, the excited states can be adiabatically eliminatedhe control and target atoms are prepared in one of the
and the dipole-dipole interaction Hamiltonian between dogical basis states, the gate operation is executed, and
pair of atoms can be written alys = Vs — ihl4a,  the four populations of the logical basis can be read out
where V4, describes the level shift, anH,; describes as described above. We can expect the occupation of
the enhancement of the spontaneous photon scatterirggoms in an optical lattice to be random. Atoms without
rate due to cooperative effects. For dipoles inducedhe appropriate neighbor are, in principle, unaffected by
by the 7-polarized catalysis lasetti;; is diagonal in  the two-bit gate operation but generally will contribute
the computational subspace, with the only nonvanishingo measured populations and reduce the apparent fidelity

1

matrix element given by [14] of the gate. The background signal from unpaired atoms
4 . can be removed if we carry out additional measurements
(L, 1 |Haal 1, 12) = =R e (f(r,0,) + ig(r.0,)),  on a sample without any paired atoms, as well as

i - measurements where the gate is operated once, population
wherec, is the Clebsch-Gordan coefficient for the tran-

sition |Fy, My = *1) — |F} ..M = *1). The func-
tions f andg describe the dependence of the dipole-dipole
interaction on the relative position of the two atoms: 100
f +ig= ih(()z)(kr) + Pz(cosar)ihéz)(kr), where h; are
spherical Hankel functions of ordér, and P,(w) is the
second-order Legendre polynomial. For small distances, *
f scales ad/r3, whereasg goes to unity, corresponding
to the full cooperativity of the super-radiant state. The -50
figure of merit is then given by = (Vdd>/<h(cg '+
Lag)) = =(f(r,0,))/[1 + (g(r,0,))].

Though spherically symmetric wells maximize the — ~1%
radial wave-function overlap for atoms in their ground '
vibrational states, an isotropic relative coordinate wave

. . 0 g .
function is orthogonal to the’y dipole potential. We FIG. 3. Plot ofk, the ratio of the coherent dipole-dipole level

th_us consider an axially ;ymmetrlc harmonic pOt(':'nt'alshift to the total linewidth, as a function of the Lamb-Dicke
with two atoms In '_[he_ V|brat|0n5_1| ground state, ea(}hlocalization parameter in the transverse directign, and the
described by an elliptical Gaussian wave packet witHongitudinal direction,n;.
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flushed from a register, and the gate operated a secormarallel with all of the others. One might capitalize on
time before readout. this massive parallelism to increase the error threshold for
As a concrete example, consider Cs atoms witHfault-tolerant computation. Optical lattices are extremely
lasers trapping blue of théSl/z — 6P3/2 transition at flexible, with many experimental “knobs,” allowing a wide
A = 852 nm. Given intensities ofl00 W/cn? for all  variety of possible mechanisms for implementing the es-
beams in Fig. 1 and detunings df , /27 =~ 120 GHz  sential features of quantum logic.
and Ay/27 =2 THz for the transverse and longi- We thank Paul Alsing and John Grondalski for
tudinal lasers, respectively, we achieve the requisiteiseful discussions. This work was supported in part
localizations,n, = 0.1, n; = 0.2 discussed above, cor- by New Mexico Universities Collaborative Research
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scattering from the lattice produces a homogeneoudation (Grant No. PHY-9503259), the Army Research
linewidth T'{,,/27 = 4 Hz. The catalysis laser is cho- Office (Grant No. DAAG559710165), and the Joint
sen as a perturbation to the trapping potentials, e.gServices Optics Program (Grant No. DAAG559710116).
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