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Noutral atoms offer a promising platform for single- and many-body quantum control, as required for guantum
information processing. This mcludes excellent isolation from the decohering influence of the environsment, and
the existence of well developed technigques for atom trapping and coherent manipulation. We present a review
of our work to implement quantum control and measurement for ultra-cold atoms in far-off-resonance optical
laitice traps. In recent experiments we have demonstrated coberent behavior of mesoscopic stomic spiney
wavepackets in optical double-well potentials, and carried out quantutn state tomography 1o reconstruct the full
density matrix for the atomic spin degrees of frecdom. This model system shares a number of important
features with proposals to implement quantum logic and quaniurs: computing in optical lattices. Wo present a
theoretical analysis of a protocol for universal quantum logic via single qubit operations and an entangling gate
based on electric dipole-dipole interactions. Detailed caleulations including the full atomic hyperfine structure
suggests that high-fidelity quantum gates are possible under realistic experimental conditions.
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1. Introduction

The discovery of efficient quantum algorithms [1] has drawn attention to the extraordinary promise of
information processing with devices that are governed by guantum mechanics. Further
developments, such as error correcting codes [2] and fault tolerant protocels 3], suggest that quantur
compuiing may be practical if one assumes ambitions but finite improvements in our ability to
manipulate nature at the quantum Jevel. Even so, it is clear that bringing these ideas to fruition in the
laboratory will be extraordinarily difficult. The underlying challenge is to find methods to accurately
prepare, control and measure the quantum mechanical state of a large many-body system. We cannot
begin to undertake this complex task without first developing a number of enabling technelogies — the
quantum analogs of well known tools to medel, control and optimize classical processes [4]. Thus,
while we might in principle envision an architecture for a fully functioning faub-tolerant quantum
computer, we believe such attempts are mostly premature. Initially, one needs to focus on the
development, testing and optimization of basic contrel and measurement tools. Only when these
building blocks are in hand does it make sense to consider how (o design an optimal architecture that
takes into aceount the particular strengths and weaknesses of a given physical implementation.

Laser trapped ultracold atoms provide a particularly attractive platform for the exploration of
quantum control and information processing. Dilute gaseous samples of laser cooled atoms can be
extremely well isolated from the environmental perturbations that lead to decoherence and destroy
quantum information. Moreover, laboratory techniques for coherent manipulation of atomic
ensembles draw upon decades of experience in laser spectroscopy and laser cooling. The exquistie
and steadily improving accuracy of atomic clocks is a good example of the capacity of atomic
systems to exhibit highly coherent quantum behavior.
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extend the tootbox availabie for coherent controf of trapped neutral atoms. Our work m
use of “optical lattices” [33, periodic arrays of microtraps created by the interference pattern of a set
of intersecting laser beams. These iattice iraps provide considerable flexibility and case of design,
with almost complete freedom from the complexities of device fabrication. They have been widely
emptoyed in laser cooling and trapping experiments, where resolved-sideband Raman cooling has
been used to prepare large numbers of atoms in pure vibrational ground states of their individual
poteniial wells [6], and at densities approaching one atom per lattice site [7].  For these reasons
attices provide a powerful testbed for the development of single- and few atom control
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is proportional to the local field intensity, with ¢, the polarizability determined by the reduced matrix
slements of the D2 line. The effective Zeeman interaction occurs between the atomic magnetic
moment f=—gpupF { gy is the Landé g-factor, p1; the Bohr magreton} and a fictitious magnetic

field

B, = *i:%ﬂ'*(E{’i{x) x B ('x}), 2¢)
, 34y

which is proportional to the local field ellipticity. This representation of the lattice potential is
particuiarly useful when designing lattice potentials and qubit encodings. It also establishes a close
relationship between far-off-resonance optical and magpetic traps, with the important distinetion that
optical traps have more freedom of design. since the fictitious field 13 not subject to Maxwell’s
equations in the same way as a real magnetic field.

Most of the important features of optical lattice design can be ilustrated by a simple example ~ a
one-dimensional potential formed by counter propagating, linearly polarized plane waves whose
pelarization vectors are misaligned by an angle 8 (the “lin-6-lin” configuration}. The total hield can be
decomposed in right- and lefi-hand circularly polarized standing waves whose nodes are separated by
&(Q/ZR), The light-shift interaction depends on both the internal state and the helicity of the driving
field, and atoms in different magnetic sublevels can therefore be made to move on different potential
surfaces, as illustrated in Fig. 1. A better understanding can be derived from the decomposition
expressed in Eq. 2. The scalar potential of the 1D lin-8-lin lattice has the form
Uq(2) = AcosBeos(2k, z), while the fictitious field s B, (z)= Bsin@sin(2k, zve, . Near a minimum
of U,(z) the potential consists of a scalar harmonic trap plus a magnetic field with a linear gradient,
By controlling # one can dynamically vary the scalar trap and magnetic field so as to superimpose
(8=0)or pull apart (8 # 0) the center-of-mass wavepackels associated with different internal states.

Fig. 1. 15 Lin- 8-lin optical lattice trapping o simple spin-12 atom. Countar propagating laser beams create
standing waves of apposite helicity, with an offset depending on the relative angle & of the fincar polarization.
For blue detuning. the resulting optical potential traps spin-up{down) atoms at the nodes of the 0. {g_}
“standing waves, allowing dynamical control ol the atomie wavepackets. For real alkali atoms with total angular
mementum F o 12, there are further potential surtaces for the 2751 Zeeman sublevels.

The 1D lin-@-lin configuration s useful for exploring a variety of guantum control paradigms.
Consider for example a single atom moving near a tocal minimum of Uy(z}. The gradient of B,

causes a spatial separation of the minima of the potentials associated with different magnetic sublevels,
with those having » >0 (m <0) trapped on the left (right) side. The fictitious field has no transverse
component and therefore does not couple different m. Such coupling can. however, be introduced
throvgh the addition of a real. exiernally applied transverse magnetic field. In that case the atom will
undergoe Larmor precession accompanied by tunneling of the center-of-mass wavepacket, analogous to
motion in a double-well potential.  The correlation (entanglement) between spin- and center-of-mass
states then allow one subsystem to act as a “meter” for the state of the other, in the sense of Von
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Neumann. By measuring the spin one acquires information about the atomic mmion and oscillations
of the atomic magnetization provide direct evidence for coherent tunneling over mesmmp:r, dmtances
Furthermore, through repeated measurements on ensembles of identically prep&red atoms, one caﬁ
reconstruct the full density matrix of the atomic spin and obtain a quantitative measure for the _degee
of coherence in the system. Experiments of this type will be described in more detail in Sec. 3 below.

As a platform to test neutral atom implementations of quantum computing; the lattice geém’air’y' :
offers many of the basic ingredients. Atoms can be prepared in pure quantum siates (mtc:mai and
external) through combinations of optical pumping and specialized laser cooling %cchmques queh as
resoived-sideband Raman cooling [6]. Unitary operations on single atomic qubits can be dxwen
through laser or microwave pulses and/or other external ficlds (e.g. magnetic).” Twoqubit control
operations, 1. e. quantum logic gates, are more difficult and we return to that problem in Sec. 4 below.
Finally, readout of the ensemble quantum state can in principle be achieved with very b}k,h fi dehty
using the quantum-jump method employed in ion traps [12]. Using these building biocks wi have
developed a specific protocol to encode qubits and carry out guantum logic. Our basic-lattice
configuration consists of three linearly polarized standing waves along the Cartesian axes. = The
resulting potential is purely scalar, provided that the frequencics of the component standing waves are
different enough to eliminate interference between them. If now the polatization vectors for the
standing wave along £ are rotated into the lin-8-Hn configuration, then atoms in different internal
states can be trapped on different potentials, transported and made to interact pairwise in such a way as
to implement quantum gates hetween them.

To this end we identify two “species” of atoms with different signs of the magnetic moment. Each
species is trapped on a potential that tracks cither the o+ and o standing waves. A logical basis can
be defined for each species by an appropriate choice of magnetic sublevels in the two ground hyperfine
states, for example

W, =1F . mp =l =0), |0}, =|F. m, =F1)n=0), 3)

where the = on the ket denotes the species, F, =7=%1/2 are the upper and lower hyperfine manifolds
for an atom with nuclear spin £, and {n=0) denotes the vibrational ground state of the trap. This
particular encoding has the advantage of being relatively robust io phase errors, since the logical-11)
and logical-|0) states have identical magnetic moments (to one part in 1(')3_) and therefore undergo
commen-mode level shifis from fluctaating magnetic fields and lattice potentials. Moreover, the

internal and external states factorize and do not become entangled as atoms are transported in the
fattice.

3. Experiments in Quantum Control.

Motion of a particle in a double-well potential has long been used as a paradigm for quantum contro!
and quantum coherent dyramics. We have made considerable progress towards a laboratory
implementation of this “toy model”, using Cs atoms trapped in a 1D lin- 8-lin magneto-optical lattice of
the type discussed in Sec. 2 above and in [8,11]. This single-atom guantum system is not intended to
lend itself directly to guantum information encoding and processing, but its successful realization
involves manipulation and observation of spin- and center-of-mass degrees of frecdom, in the presence
of non-rivial interactions between them. This makes it a perfect fraining ground for the development of
control and measurement tools needed to undertake the much harder challenge posed by few-atom
control processes such as guantum logic. From a basic science perspective the cold atomioptical
double-well system Is interesting because it is mesoscopic, in the sense that the characteristic astion can
be varied continuously across the guantum classical border (the range 0.1—104), and therefore is







