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Bell-state analyzer with channeled atomic particles
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Recent advances in cooling and trapping of atomic particles has opened up the possibility of building
microscopic networks of tubelike traps. As possible applications, we describe how a quantum coroolled-
gate and a Bell-state analyzer could be implemented using atomic particles, which propagate through the
system of channels and interact with the device potential and each other.

PACS numbdps): 03.67.Hk, 03.75-b

[. INTRODUCTION less. An alternative way of achieving guided motion and pos-
sibly controlled interactions between atoms is to utilize hol-
Recently there has been considerable experimental intelow optical fibers with evanescent waves trapping the atoms
est in cooling and controlling atomic motion very accurately.to narrow channels at the center of the fif24—27. These
Our motivation for this work is the possibility to make these can eventually be fused to provide couplers similar to those
atom traps very small1], in the form of channels which Uused for optical signal transmission in fibers. Also the pure
guide the atoms. By arranging a network of miniaturizeg@tomic wave guide achievable by the use of hollow laser
particle traps on a surface, one might construct quantum apgnodes may be use@8]. Atoms may be trapped in optical
parata for processing information and performing computalattices[29]; these might also be used to store and manipu-
tions. An equivalent point of view has been expressed byate atomic qubit$3—6]. _ _
Schmiedmayer if2], who has discussed the possibility of  In the following section, we consider the different mecha-
fabricating quantum dots and quantum wires for atoms. Neufisms that contribute to coupling in the devices; tunneling
tral atoms trapped in optical lattices might be used to achiev&0m one channel to another and particle-particle interaction.
entanglement, conditional logic, and to perform computadn Sec. lll, we briefly review some formalism concerning
tions [3—6]. In our previous wor7-9], we have investi- bee}m splitters and interferometers that_will t_)e needed to de-
gated some aspects of how networks of matter wave guide¥¢ribe the quantum apparata we consider in Sec. IV. As a
might be used, and employed wave packet calculations tlrst example of a possible application for quantum informa-
verify the operation of these devices. tion processing with particle networks, in Sec. IV A, we de-
Another reason why microscopic traps are of interest iscribe a controlledkoT gate, an essential building block of a
the possibility of performing fundamental tests of quantumduantum computer. The second example, in Sec. IV B, con-
mechanics. Most tests have so far been performed using phgiders the construction of a Bell-state analyzer. The ability to
tons, but it is of interest to conduct experiments also withPerform Bell measurements is of great importance, since Bell
material particles, which display particle interactions and enstates, i.e., orthogonal, maximally entangled states of two
ergy dispersion. Moreover, both bosons and fermions arévo-level systems, appear in many applications of quantum
readily available. Similar experiments are in principle pos-information theory and quantum communication. It was re-
sible with electrons. Here, it is straightforward to fabricatecently shown that a Bell measurement may not be effected
the devices using semiconductor heterostructures, but it is f&sing linear elements onf80]. In our scheme, the nonlinear
less trivial to launch single conduction electrons in well con-ingredient is provided by the particle-particle interaction.
trolled states. The advantage with an atomic environment is
that the input states are easier to control. Yamamoto’s group, ll. COUPLING MECHANISMS

however, h n abl how ntum correlations for . . . .
Owever, has bee a_be o s oW qua tum correlations fo The devices we envisage consist of potential grooves
electrons in an experiment which is the analog of a beam

splitter for photons|10]. Buks et al. studied dephasing of which steer the particles and let them interact with the device

. o ; . . potential and each other, thus effecting, e.g., logical opera-
'fgtregigpocr? s[blylf which-path” detector in an mterferometertions and information processing. If two wave guides are

One way of trapping and guiding neutral atoms is to Com_brought close to each other, they are coupled by tunneling,

bine evanescent wave mirrof$2,13 or magnetic mirrors which allows us to implement a beam splitter in a fashion
[14] with charged structurd®]. These structures can readily completely analogous with an optical coupler. Moreover, if

be fabricated on top of the mirrors using standard nanofa two particles are close to each other, they experience a cou-

rication technology, which implies precision in the design pling due tqltheir intgraction. This interaction enables us to
9 : . "effect conditional logical operations.

Another possibility is to use purely magnetic guidaftb—

19]. The guides may be fabricated on a surface to form atom

optical elements, e.g., beam splitté2)—-23. The ultimate

goal is to reach truly microscopic dimensions; to confine the Two channels close to each other can be thought of as

particles to a region of the size of a few nanometers or eveforming a double-well potential, where particles will tunnel

A. Tunneling between channels
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back and forth from one channel to the other. A wave packethis case, the tunneling frequen€y will obviously depend
in a one-dimensional double-well potentla(x) will tunnel  on the position along the channels, since the energy levels

across the barrier with a rate depend on the potential. It turns out, however, that one can
describe the behavior of the two-channel system quite accu-
Twexp{ — J J2m[U(x)— E]dx|, (1)  rately using the simplified treatment above by defining a con-

stant effective() and a constant effective coupling time

where we have pui=1, and the integral should be evalu- [71
ated over the potential barrier separating the two wells. By
making this potential barrier higher or lower, we can control
the tunneling between the two channels.

The coupling can also be understood in terms of the Two particles which are brought close to each other by
eigenfunctions of the double well potential. The ground statehe channels of the device will perturb each other's energy
is symmetric,ys, with energyEg, and the first excited state levels due to their mutual interaction. If we assume the in-
antisymmetric,is, , with energyE, . We define the tunnel- teraction to be weak, i.e., the interaction energy to be much

B. Phase shift due to interaction

ing frequency 2) according to less than the level spacing of the modes in the guide, then the

_ shape of the particle wave functions will essentially remain

EA=E+AQ, unchanged due to the interaction, and the only result will be

_ 2 a phase shift for the two-particle state. This approximation is

Es=E—-#Q. reasonable since neutral atoms interact very weakly, with

scattering lengths usually of the order of a few nm. If the

.Thetr?me. evolltmton o\jvany 'n'.t'?l sta:e dcgn eﬁsny tt;}e four:q nergy shift due to the interaction is denoted Xk, the
using the eigenstates. We are Interested in where the particig, ., hative expression for this additional phase shift is
is localized; thus we form the states

1
_i( i) A i %J dt AE;,, (6)
<PL—\/§ Yst a),

()
where AE;,; obviously depends on how close the two par-
(PR:E(‘;&S_ Pa), ticles are at each time instant.
The fact thatA ¢, is large if two particles are found close

where the subscripts (R) denote left(right) localization, O €ach other gives us a way of implementing conditional

Starting frome, at timet=0, we obtain logic. This has been used by Calarebal. [5] to suggest a
' realization of a phase gate for two atoms trapped in time-
Y(t)=exp —iHt/h) ¢, dependent optical lattices. In their case, the cold atoms are

allowed to collide and undergo interaction conditioned on
B — Lot ot their internal states. In principle, the calculations in our paper
= Eexp(ﬂEt/ﬁ)(e Pste "TPa) are valid both for fermions and bosons. The dominant colli-
sional interaction, however, is thewave scattering, which
=exp(—iEt/h)(coth e +isinOteg), (4 for identical atoms in 'ghe same internal state occurs only for
bosons. The interaction may also be provided by laser-
which shows that the particle is oscillating back and forthinduced dipole-dipole interactions, as discussed by Brennen
between the two wells. For example, if etal.[3].
In our previous publicatiofi7], we verified that the effect

™ of particle interactions on a beam splitter such as the one
Qt= 4’ 5 considered in Sec. Il A, is to change the effective coupling
constant of the device. A device which acts as a 50/50 beam
the two coupled wells act as a 50/50 beam splitter. splitter for a single particle, will no longer perform this ac-

The idea we have in mind is particles trapped in any typdion when two particles are incident simultaneously, one
of “neutral atom quantum dots,” and moved to interact with through each input. This can easily be understood in the
each other by allowing for a time dependence in the potenlanguage of Sec. Il A, since the effect of the interaction is to
tial. It also is easy to imagine that two coupled channelschange the energy levels of the two-particle system, so that
where the particles move forward at a steady pace, will bethe effective couplind? is changed. This effect occurs when
have in the same fashion. A wave packet tunnels when thAE;, is of the same order of magnitude as the splitting be-
channels are close to each other and is split between theeen the symmetric and antisymmetric eigenfunctions of
guides. By varying the distance between the channels, thiéne two wave guidedE. One can, however, adjust the po-
length of the coupling regiofi.e., the coupling timeand the tential so that the splitting is 50/50 for two incident particles
height of the potential barrier between the guides, one is ablén which case the action will obviously not be 50/50 split-
to tune the device to perform, e.g., 50/50 beam splitting. Irting for a single particle
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FIG. 1. Schematic view of an interferometer built of coupled  FIG. 2. Particle detector consisting of an interferometer and a
wave guides. The regions marked “BS" encircled with dasheddotlike trap. Conditioned on the presence of a particle in the trap, a

lines act as beam splitters as described in Sec. II. particle incident on the interferometer will exit in different output
modes, enabling us to detect the trapped particle. The double arrow
lll. BEAM SPLITTERS AND INTERFEROMETERS symbolizes the particle-particle interaction, which induces a phase

When particles are directed into the incoming modes of %Z'rf‘to?e‘gi“t;;” if particles are present both in the dot and the guide
m-

symmetric beam splitter, they are piloted into the outgoing
modes according to the relations Depending on the phase shift introduced, the particle can be
at + made to exit in either output channel, or, for that matter,
out

=

bOU‘:|

ain @ coherently be split between the two outputs.
bi,

wheret andr are the beam splitter transmission and reflec-

tion coefficients, obeying

t* or*
r* t*

IV. DEVICES WITH CHANNELED PARTICLES
A. Particle detector or cNOT gate

We now turn to consider possible devices built of micro-
scopic wave guides for material particles. To start with, we
will outline the construction of a particle detector, which
alternatively could serve as a controll®dT (CNOT) gate. In

Ir|2+]|t|?=1, rt*+tr*=0; (8)

see, for example, Ref31]. In particular, for a 50/50 beam

splitter, we are allowed to choose1/y/2 andr=i/+/2. ; : .
An optical interferometer can be obtained using two 50/50the_ previous section, we were able 1o obtain a 59/ 50 beam
splitter by coupling two guiding channels. By coupling them

beam splitters and two mirrors. Using microtrap Wave, ice, one obtains an interferometer as in Fig. 1. Now, add a
guides, an interferometer might be implemented as SChemat(i:I_otIik,e article trap close to one of the arms?bf .the in’terfer-
cally depicted in Fig. 1. It is easily seen that a particle inci- P P

dent in one of the input channels can be directed into eithe?meter as depicted in Fig. 2. The action of the coupling due

of the output channels by varying the phase difference annéo interaction should be to perform a phase shift if particles

the two paths of the interferometer. We take the inciden re present both in the dot and in the lower interferometer

oy L arm, i.e., a phase gate. This phase shift may be obtained via
;tate to bé\w._ai”!O)’ which implies that the state after the collisional interaction, or alternatively via laser-induced
first beam splitter is

dipole-dipole interaction as stated in Sec. Il B. For a discus-
1 sion of the working mechanisms of such a phase gate in the
W)= -—(al +ib!)|0). (9) former case, we refer to Reff5]. If necessary, the particles
V2 may here perform a number of complete oscillations between
the dot and the arm. An important point is then to make sure
Suppose that particles propagating along the two paths agnat the trapped particle does not leak out of the dot into the
quire a phase differenc&¢ (in the applications below, this interferometer. This will require the dot potential to be tem-
phase difference will arise from the particle-particle interac-porarily lowered, or the dot to be moved closer to the inter-
tion). As a result, the state incident on the second beam spliferometer arm, only when the interaction is to take place.
ter is Suppose that a particle is incident in one of the interfer-
ometer input arms, say in input moae,. If no particle is
i trapped in the dot, it will emerge in output mobg,, since
2 the phase shifA ¢ in Eq. (11) is zero. Alternatively, if the
particle is incident in input modb;,, it will emerge in out-
Thus, the output state of the interferometer is put modea,,. The presence of a particle in the dot will
induce an extra phase shift for the part of the wave function
in modeb,, . If this phase shift is tuned to be, we conclude
from Eg. (11) that the particle incident in the interferometer
input a;, would exit in output modea,,; instead ofb,;
correspondingly, a particle incident in molbg would exit in
a,ut- Thus, where the interferometer particle emerges is con-

|W)=—(al +ie'*?b])|0). (10)

1 . o .
|W)= E[agut+ 'b;r)uﬂL 'eIA(b(bguPL Iagut)]|0>
1 iApy AT o iAgy T
:E[(l_e )aout+|(1+e )bout]|o>- (11)
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to distinguish with this device are
BS BS
Ay Aoyt
\ bm \ ks :i TbT+bT T 0
=) (ajb;=bja;)[0),

O V2
\ 1]

1
|¢—>=—2(a1a§ibib§)lo>, (12

%

wherea] andb! are creation operators referring to the two
modes of interferometer No. 1 in Fig. 4, aad andb} are

FIG. 3. ControlledNoT gate realized with an interferometer plus creation operators for the modes of interferometer No. 2, and
an additional wave guide for the control bit. The data bit incident in|0) denotes the vacuum state.
one of the interferometer inputs can be redirected conditioned on To demonstrate the operation of the device, we note that
the presence of a particle in the control wave guide, due to thehe reverse operation of the analyzer would be entangling
additional phase shif ¢;, introduced by the particle-particle in- incident nonentangled states. Let us assume the state
teraction. aj a5, 0) to be incident on the analyzer. After passing the

first pair of beam splitters, this will have evolved into

ditioned on whether there is a particle trapped in the dot or L
not. This enables us to detect the trapped particle; alterna- bt .
tively, this particle serves as the control bit which steers the E(allm_*—lbl,m)(a;m‘l'|bZ,m)|0>- (13
interferometer(datg particle. If the dotlike trap is replaced
by a third wave guide, as in Fig. 3, then the control particleThe particle-particle interaction will induce a phase shift in
should be injected in this guide at a suitable time to make ithe two-particle wave function for the combinatica,aj .,
reach the coupling point simultaneously with the data parand vamb;m, so that the two-particle state will evolve into
ticle. This would correspond to the control bit being equal to
one, flipping the data bit. The control bit being equal to zero
simply means that this particle should be injected in some
other wave guide, or delayed with respect to the data bit.

bout

Cout

1
Apipiat At it Rt it At
E(EI ¢Inta1,ma2,m+ Ial,me,m—i_ Ibl,m‘az,m

—e'4mpl bl )[0). (14)
B. Bell-state analyzer After the second pair of beam splitters, the out-going state is

A Bell-state analyzer is a component needed to take fulbasily seen to be
advantage of applications such as quantum teleportation 1
[32—34 and quantum dense codifg5,36. In principle, if iAdi ot Ay ot

2 ! . — int— — int4- )

we are able to perform @anoOT operation, and, in addition to 2[(e D)ag vz ou (€ 1)b1 0ub3,0ud|0)
this, linear one-qubit operations, we are also able to conduct (15
Bell measurements. . .

Combining two interferometers I1 and 12 as in Fig. 4, we FOr Adin=/2 this is a Bell state
are able to implement a Bell-state analyzer in a simple and 1
;tralghtforward fashion. The two mterfer_ometers shoulq pe 5(1+i)(ia1,ou@-;,out_ bI,oup;ouNo)
imagined to lie on top of each other. Again, the arrows indi-
cate phase gates. The four possible Bell states we will want

1
_ T T Zt T T
- Eel /4( ay ouf2,0ut bl,oubZ,ouQ | 0>

— ei 71/4|<I)7>’ (16)
Wherehé‘zuyou; ia;,out' Similarly, we can check how the input
statesalmb;in|0), vama;in|O), and bImb;in|0> are trans-
formed. We conclude that Bell states fed into the analyzer
will result in outputs according to

[w™)—e™ajbj|0),

+ i34t 4T
FIG. 4. Schematic depiction of a Bell-state analyzer consisting v )—e b1a2|0),

of two interferometers 11 and 12. The encircled regions act as beam
splitters. The double arrows indicate phase gates whedg,

= /2. Bell states incident on this device will be disentangled as N it t
described in Sec. IV B. |®T)—e b1b5|0). (17

|&~)—e ""alal|0),

052311-4



BELL-STATE ANALYZER WITH CHANNELED ATOMIC . .. PHYSICAL REVIEW A 62 052311

With this device we are thus able to disentangle Bell statedrequencies as high as some MHz may be reached. One gate
or, for that matter, to entangle two incident particles. Oneoperation is completed within a few oscillations; thus it
may note that, when using the creation-annihilation operatoshould be feasible to perform a few steps of calculation.
formalism, the quantum statistics is automatically taken intoThese trapping frequencies correspond to ground-state
account through commutation relations. The reason for thereidths in the nanometer regime. Laser-induced dipole-dipole
being no apparent difference between fermions and bosonsteractions, on the other hand, require the atoms to be con-
in the schemes considered is that two particles never arned to relative distances smaller than the optical wave-
incident on the same beam splitter. Thus the familiar quanlength.

tum statistical effect that bosons emerge together and fermi- If the qubits are encoded into the spatial degrees of free-
ons at different output ports when two particles are directedlom, as suggested in this paper, to perform the readout one
into the two input ports of a beam splitter plays no role. Thehas to determine in which output channel an atom is emerg-
difference between fermions and bosons appears only wheng. One advantage with the proposed scheme is that the
it comes to the particle-particle interaction in the phase gateputput of the device may be used directly as the input to a

as discussed in Sec. Il B. subsequent stage of similar physical nature. A possibility to
fill the single atom criterion could be to load atoms in optical
V. DISCUSSION AND CONCLUSIONS lattices and then to combine these with other types of neutral

] o . atom guides. In microlens arrays, atoms located in different
As potential applications of neutral-atom microtrap net-ginole traps may be accessed individually by lag&g.
works, we have considered a controlledT gate and a Bell- | aunching Bose-condensed atoms into microtraps may also
state analyzer. Until now, what has been achieved experproye possible; it will be interesting to follow the develop-

mentally is the propagation over a few centimeters of atomignent of the experimental realizations to come.
clouds with a diameter of approximately 1@0m. For the

devices we consider, it is desirable to achieve single-mode

qoherent transport of individual atoms, ar_ld also very precise ACKNOWLEDGMENTS
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