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Error-free quantum communication through noisy channels
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We suggest a method to perform a quantum logic gate between distant quantiguiit by off-resonant
field-atom dispersive interactions. The scheme we present is shown to work ideally even in the presence of
errors in the photon channels used for communication. The stability against errors arises from the paradoxical
situation that the transmitted photons carry no information about the state of the qubits. In contrast to a
previous proposal for ideal communicatipRhys. Rev. Lett.78, 4293 (1997)] our proposal only involves
single atoms in the sending and receiving devi¢84050-2947®8)11809-7

PACS numbds): 03.67.Hk, 42.50-p, 03.65-w

[. INTRODUCTION teleportation as discussed by van Eetkal, we perform a
perfect control-not operation, which is slightly more general

Quantum mechanics is known to produce a variety ofthan teleportation. To perform the operation we use off-
phenomena in lack of classical interpretation. In recent yeargesonant dispersive interactions between atoms and the trans-
the fields of quantum computation and quantum communicalitted photons. We assume that all errors are due to imper-
tion have tried to exploit these phenomena to propose confections in the transmission and imperfections in the
puters and communication devices that are superior to theffispersive interaction, whereas measurements and unitary
classical counterparts. One particular example is quanturfivolutions on a single atom are assumed ideal. With this
teleportation, which is based on the nonlocal features of th@ssumption we show that our scheme works ideally, even in
Einstein-Podolsky-Rose(EPR paradox. Quantum telepor- the presence of a quite general class of errors.
tation is the transmission of qubits without actually sending We emphasize that our scheme is not a conventional
the physical system, e.g., the transfer of the state of an atofi/antum error correcting codi€]. We use a specific physical
to another atom at a different location. Classically, telepornodel of the noise to remove errors to all orders with a
tation can be performed by measuring the state of an objedimited number of qubits, whereas conventional error codes
and sending the information to the receiver who reconstructiitroduce new qubits to correct errors up to a certain order.
the state in a similar object. In the quantum world it is not
that easy. Quantum mechanics forbids us to gain exact
knowledge of the state of an object. However, BenetHil. Il. GENERAL DESCRIPTION
have suggested that it is still possible to perform teleporta-
tion [1], provided that the transmitting system does not retain]_h
any information about the state that is transmitted. Recently

guantum teleportation of a photonic state has been achieve,févofold Zeeman degeneracy € 1/2). The states ofr are

experimentally(2,3].
: N . denoted byla;), |b;), and|c;) and the states g6 are called
In practical realizations of teleportation the system maydi>1 le)), and ;). wherei=0 and 1 represents the azi-

be subject to noise in the transmission channels. Recentl i :
van Enket al. have shown that the effect of the noise can be uthal quantum numbera= —1/2 andm=1/2; see Fig. 1.'
completely avoided, if we make suitable physical assumpln practice, one may have recourse to systems with a differ-
tions about the noise in the channgds.

Eliminating noise on quantum information is considerably
more complicated than eliminating noise on classical infor-
mation because quantum mechanics forbids copying of infor-
mation|)— | )| ), where|y) is the state of a quantum bit
(qubit) (co|0)+c4]1)) [5]. However, quantum mechanics ‘
does allow what we shall call a backup copy)—|#)a
+|¥)p, Where a single quantum system is transferred to a
state with projections on two different subspaeeand b,
which are both equivalent to the initial statévVe use unnor-
malized states except where otherwise stat¥de call it
backup copying because, if one-half is “lost{projected o
out), say theb part, we may still have the intact quantum £ 1. Structure of the atomsand8 and the suggested setup.
state in thea part. (The exact meaning of this statement will The two atoms have three levétienoted by lettejswith a twofold
become clear below. Zeeman degeneracglenoted by 0 and)1The sending section con-

In this paper we use the backup encoding to performists of two beam splitters and the atam The communication
guantum communication in the presence of errors in th&hannels are the two dotted lings) and |—) and the receiving
channel used for communication. Rather than consideringection is the atons, the last beam splitter, and the two detectors.

The control-not gate works between two atoms or ions.
e control atom is called and the target is calle8. Here
and B are two three-level atoms, where each level has a
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ent arrangement of states, but our procedures is most easily Initially the qubits are stored in the ground staa$ and
explained in the suggested realization. |d;). We first perform a local backup encoding anwith a
If we consider the quantum information to be stored in thelinear 7/2 pulse we takéa;) to |a;)+|b;).

two Zeeman degenerate ground-state levels, the action of the We then perform the first photon transmission. A single
control-not operation can be characterized by its action otinearly polarized photon is split into two orthogonal states
suitable basis vectors for the atomic ground state |1) and |2) by a beam splitter. The field stat#) interacts
nonresonantly with the atom coupling the levelb with a
detuningA and a coupling constamtto a higher-lying state

a0} do

)| = | lao)ldo) in the atom. The energy shift of the leyetan be calculated
i i 2
acMld - d in second-order perturbation theory to WBg</A. If we
[ao)1d1) [a0)ld) (1) choose an interaction time= A /g the phase of the state
la)|do) las)|dy) vector will change byr if «is in the levelb. A phase change
X of = may not be realistic in an experiment, and we shall relax
i lay |d1>J la;)|do) ] this assumption later.

We then recombine the two photon amplitudes yielding

The control-not operation interchanges the statgs and the two'sta'Fe$+)=_| 1)+|2) and|—>_=|1>—|2). Dug to the
dispersive interaction, the photon is entangled with atgm

|d,) of gif and only if a is in the statda;). A comment on i
notation: Rather than considering the evolution of a superpof-iGnd Ephe photo_n_enters the_: chanpe} g_»r:f “I.'S In Ilevellg
sition of the four basis vectorscfgag)|do) + Coalao)|ds) (G). The receiving atong is prepared with a linearly polar-

+¢1a1)|dg) + C1/a,)|dy)), we consider the evolution of ized 7r/2 pulse so thald;) is taken to/d;)+|e;). The photon

each basis vector. This emphasizes that each vector iilEq. Staté|—) now couplege;) nonresonantly to a higher level,

could be entangled with other qubits, as in a computationa:fielding a conditional phase shift of, as descrit_)ed for_ atom
task. «, and we then apply a second?2 pulse so that if the field is

Our scheme consists of local encodings and two transmid? the|+) stateg will be taken back tqd;) by the last pulse,
sions of photons frona to 8. We begin with a local backup Put if the field is in the—) state will be taken tole;) due
encoding ona. We then perform the first transmission fol- [0 the phase change induced by the field. Sincel theand
lowed by a symmetrization on and protection of relevant |-) states correspond @being ina andb, respectively, this

states ofg. Another transmission is performed and finally we Will create the desired entanglement betweeand 3, but at

extract the desired quantum states. this point the atoms are also entangled with the photon.
The effect of the transmissions is to entangle the levels of W€ get rid of the photon with a quantum eraser: The two

the two atoms. By performing local operations we can therPhoton statest) and|—) interfere, yielding the two detector

use this entanglement to implement the control-not operastates|D1) and|Dy). We assume here that the mirrors are
tion. aligned so thatD;) corresponds to the incoming stdte

The stability of our scheme arises from the horizontall7}- We then perform a measurement revealing whether the

symmetry among the atomic states in Fig. 1. In the transmigPhoton is inDy) or|D,). If [D,) is measured we change the
sion we only use linearlym) polarized pulses that couple Sign of the levelb to compensate a sign induced by the
states vertically. This means that the photons contain no in€faser. , o

formation about whethew is in 0 or 1. The photons only A S|mplg analysis shows that the transmission performs
contain information about the levels af If, for instance, we  the operation

start with a superposition cf|ag)+cq|as))+(colbp)

+c4/by)) and a photon is absorbed during a transmission, la))|di)—]a;)d:)

the wave function will collapse to some energy levir v v

instance,a), but our quantum-mechanical superposition be-

tween 0 and 1 will be intactcp|ag)+c4la;)). From this by d;)—[by)e;). 2)
“backup” state we can start the transmission again and con-

tinue until we are successful. _ o
During transmission the Zeeman degeneracy plays no role.

Subscripts andj denoting the Zeeman state have only been
written for later convenience.

Had we included the evolution of the leve| the trans-

To perform the evolution described by Hd) we suggest mission would be a control-not operation between the levels
using an experimental setup as shown in Fig. 1. Our setup, b, d, ande, but this control-not operation would be vul-
can be divided into a sending section, a receiving sectiomerable to errors. Our backup scheme makes it possible to
and the channels connecting them. The sending section coperform a perfect control-not operation between the states
sists of a beam splitter, the atom and another beam split- |ao), |a;), |dg), and|d;), also in the presence of errors.
ter. The receiving part is the atofl) a beam splitter, and two Paradoxically this may be achieved by means of the trans-
photon detectors. All beam splitters are 50-50 beam splittergnission described by Eq2) and local operations, even
The channels are the two photon lines connecting the twthough the transmitted photons carry no information on the
sections. In a realistic implementation it might be preferableazimuthal quantum numbers.
to use a delay rather than two distinct channels, but for the Including thew/2 preparation ofx the evolution so far is
sake of clarity we apply two lines in our analysis. given by

Ill. BACKUP CONTROL-NOT OPERATION UNDER
IDEAL CONDITIONS
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|ag)|do) |ag)|do) +[bo)|€o) @ : (o)
|ag)|dy) _ |ao)|d1) + [bo)|er) 3) cf— —\ fems\ f b e/ — )\ e f
|ag)|do) |ag)|do) +[bs1)|eo) |- blesiss | e e | b | sl e
la;)|dy) lag)|dy)+|by)|er) alem =/ \ _ _/d | al\l _ /4
0 1 i "0 1 0 1
Now, the statese;) are moved to storage statgs) and o B : o B

the state$a;) and|b;) are interchanged by linearly polarized

7 pulses. A second photon is transmitted, causing again the FIG. 2. lllustration of the diagonal extraction step. Rajtcor-

evolution in Eq.(2). Since the states of3 are not coupled to responds to Eq4). The qubits are present horizontally in the Zee-

the inCident, photon, these states arg not affected by the S€ffian states and the levels are entangled vertidadipresented by
ond transmission, and we end up with

the shading In part(b) we make a measurement that chooses states

Ibo)| €0) + |ag) | fo) of « diagonally. With the measurement outcome in the figure, the
0/1=0 07170 control-not operation is achieved by interchangieg) and |e;)

|bo}|e1) +|ag)|f1) and transfering the atoms to the lower levandd as described in

[b1)|eo) +las)(fo) |

b)|er)+|as)|f1)

the text.

The main result of this paper is that we are able to construdt@!ly [part (b) in the figure and Eq(5)]. Now, we inter-
these states, even in the presence of errors. This will bgh@nge azimuthal states 0 and 1/ff « is in 1. From the
shown in Sec. V. Within the quantum states in E). we _shadmg in the figure this is seen to corresponq to interchang-
break the horizontal symmetry of azimuthal states 0 and N9 |€0) and|e;) (|fo) and|fy) if the other diagonal had
and extract the desired states on the right side of(Eqby been measurgdFinally, all states are taken to the lowest
local operations. level as described in the example after Eg), and we end

We measure if is in the subspace spanned |a) and ~ UP in the desired states.
|b;). This can for instance be done by interchangjag)
and|b,) and making a quantum-nondemoliti@ND) mea-
suremenf8] of the energy ot. If «is found in the subspace

spanned byao) and|b,) we interchange the amplitudes on |, this section we analyze the effect of errors and in Sec.
|eo) and|e). If it is not we interchange the amplitudes on v/ e show how our backup scheme eliminates these errors.
fo) and [f;). We then measure i8 is in the subspace \ye will assume that measurements and unitary evolutions in
spanned bye,) +|fo) and|e;)+|f;). This can be done with gingle atoms are perfect. All errors will be due to imperfec-

a /2 pulse followed by a QND measurement of the atomictions in the dispersive interactions and in the channels used
energy. From the results of these measurements one can c@gr communication.

struct a sequence of pulses that takes us to the desired states.
As a specific example of the extraction procedure con-
sider the situation where is found in the subspace spanned
by |ag) and|b;). The measurement collapses E4). to this
subspace and we apply a pulse that interchanggsand

(4)

IV. ERROR ANALYSIS

A. Errors due to loss of photons

A photon is considered lost if it is not detected at the
photon detectors in the end. Since the photons carry no in-

l€1) - - - - formation on the azimuthal quantum number the superposi-
lao)|fo) | = | lao)|fo) tion between 0 and 1 states will not be disturbed. Using a
QND measurement it can be detected whethé ina orb
lag)|fr) | — lao) | f1) and the qubit will still be present horizontally. Similarly we
. (5)  can measure the energy gfwithout disturbing the qubit and
|61)|eo) |b1)ler) the initial states can be restored. We can then start over again
X and proceed with the transmission until it is successful.
|61 |61> |b1>|€o>

B. Errors without loss of photons

Now consider the situation where we measure phetin the Phase shift in the dispersive interaction with We no

subspace spanned bg,) —|fo) and|e;)—|f1). Sincele;)
can be written &) +|f;)) + (|e;) —|f;)) and|f;) can be writ-
ten (e)+|f;))—(Je)—|f;)) this is seen to introduce a mi-
nus in the first two lines in Eq5). By subsequently trans-
ferring |b,) to —|a,) and|e;)—|f;) to |d;) we arrive in the
desired states.

longer assume that our dispersive interaction causes a phase
shift that is7r. With a general phase shift the two levaland

b no longer give two orthogonal photon states) and|—))

that can be separated by a beam splitter, but we can arrange
our beam splitter so that always produces a photon in the
|+) channel. The atom in levdd, however, will yield a su-

This extraction procedure is illustrated in Fig. 2. We re-perposition of|+) and|—),
call that the qubits are represented as superpositions of the
azimuthal quantum states 0 and 1. Entanglement between the
atoms is visualized by shading: Pa& of the figure illus-
trates the states in E¢4), whereg is in the levele(f ) if «
is in b(a). Our first measurement chooses statea iiago-

la)—lap|+),

b)) —[b)(—=[=)+k[+)). (6)
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We show in Sec. V that our scheme still works because thshall see below, these disturbances can be interchanged in

erroneousk, |+) component can be projected out with a the second photon transmission, thereby symmetrizing and

measurement. hence eliminating their effect on the relevant amplitudes.
Errors in the channelsWith the assumption that the pho-

tons cannot jump from one channel to the other and cannot v, NOISY BACKUP CONTROL-NOT OPERATION

be created in the channels, the most general evolution will be

described by We now describe the effect of errors on the overall evo-
lution. If a photon is lost we restore the initial situation and
|+>H77|f:5, start the transmission again as described above. In this sec-

tion we shall therefore only consider the situation where we
|_>H§|”j§ @) do not lose photons.
' After the first transmission we end up in states like Eq.

where the notation means that the wave packet is changed {40). We recall that we change the sign of the lebeéf D,
some way(change of shape and duration of the wave packetC“CkS' and after photon detection the atomic state will there-

stages of evolution. _is + ,
We assume that the photon in two subsequent transmis |b1>[§e_i5(|e0>+kd|do>)i nkildo)1 | ™ 7| lag)ldo)
sions couples to independent and identical environments! [by)[¢e™""(|er) +kqld1)) = 7k, |dy)] |a1)|dy)
With this assumption the evolution in E¢7) will be the 11
same in the two transmissions, provided that the photon ia/here the sign on thie, |d;) component is+ (—) if D, (D1)

not lost. This assumption is further justified [i]. clicks. We now interchanggg;) and |b;) and |e;) and|f;)
Errors in the interaction withB. The photon stat¢+)  before we perform the second transmission and subsequent

does not interact with the atog and we assume that local photon detection. The atomic states will now read

laser pulses o are error free. This photon state will there-

fore not cause any transition & The interaction betwee@ |ao>[§ne‘f‘5(|f0>+ kqldo)) = 77K, |dg)]
and|—) is modified due to the imperfect dispersive interac- lag)[{me™"2(|f1) +kyld1)) = 77k [dy)]
tion and the modified photon state. This means hahay la)[£me "2(|f o)+ Ky do)) = 72Kk |do)]
not be transfered to the levelas desired. The effect of the |al>[é’77€_i5(|f1>+kd|d1>)i 772k+|d1>]

interaction may be summarized as follows: is )
|bo)[ 74e™"°(|eo) + kq|do)) = 7k [do)]

[y ldpy—]+)ldy, |bo) 7ze " (|er) + kel d1)) * 72K, [d1)]

— .y |b1)[77§e‘f5(|eo>+kd|d0))i 7°K.|do)]

| =)di)—|—)(kyldi)+]e)). (8 [by)[ nZe™"(ley) +kqyld)) = 77k |dy)]
(12

Errors in the photon detectiorfhe two orthogonal states

|-) and |+) are measured in an orthogonal basiswhere the+ in the first(second set of square brackets refers
{|D1),|D2)}. The beam splitter is a 50-50 beam splitter andto the outcome of the photon detection in the fiistcond
any overall phase factors may be absorbed in the definitiotransmission. Equatiofi2) shows that we have achieved the

of |D;) and|D,). We can therefore write desired symmetrization of amplitude errors. Collecting
— terms, we get states of the formie™"°(|a;)|f;)+ |b;)|e;))
D) =|+)+e"-), +|Ri)|d;), where|R;)|d;) are all the remaining components.
The first term is the ideal states in Ed), but we also have
D) =|+)—e’—). (99 the|R)|d;) component.

We now measure iB is in the leveld. If 8 is found ind,
The phase factop in the two equations must be identical the qubits are restored to their initial states and the transmis-
becausdD,) and|D,) have to be orthogonal. sion is attempted again. B is not ind, the|R;)|d;) compo-
Collecting the effects of Eq$6)—(9) we see thatbefore  nents are projected out by the measurement and we are left
photon detectionthe transmission performs the evolution ~ With the states of Eq4). From here the “diagonal” extrac-

tion proceeds as before.
|ai)|dj)— nla;)|dj)(|D1) +(Dy)),

) VI. DISCUSSION
bi)|d;)— e "% b)|ej)(|D2)—[D1)) +|by)|d;) ,
. Above we have shown how to achieve a perfect quantum
X[¢kqe™"’(|D2)—|D1)) + 7k, (|D1)+]D2)]. control-not operation through noisy channels. It has been
(10)  shown [10] that any unitary operation on any number of
qubits can be performed using single qubit operations and
This expression displays unwanted disturbances of the ancontrol-not operations. With a perfect control-not operation

plitudes of our quantum-mechanical superposition. As wewe are therefore able to perform any communication task.
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As mentioned in the Introduction, van Erd al. have As an example, consider computation distributed on sev-
used similar ideas to achieve perfect teleportafigin How-  eral quantum computefd 2], with signaling atoms respon-
ever, we believe that we suggest a simpler physical realizasible for communication. Following our proposal these at-
tion. The coherent control of several atoms required in theems may be entangled vertically, prior to the calculation, and
scheme of van Enkt al.is a very difficult experimental task, when ready for transmission, horizontal qubits may be com-
and it is a major advantage of our scheme that it only remunicated by the diagonal extraction procedure and other
quires single atoms at each end. local operations.

In [11] van Enket al. also discuss the possibility of mak- Also multiparticle entanglement may be accommodated
ing an error-free quantum logic gate using only single atomsfollowing these lines. Recently it has been shown that for
The main idea iff11] is to monitor the performance of the quantum communication over long distances the efficiency
gate and discard unsuccessful operations. Quantum informaf a channel can be enhanced if it consists of series of nodes
tion is stored in two states of each atom, and failures ar¢hat share EPR pairs with each of their neighboring nodes
monitored by a third state of the atoms, which, however[13]. To share EPR pairs with two neighbors would normally
does not enable the recovery of the quantum information agequire two atoms per node. However, with our scheme a
in this work and in[4]. single atom may suffice. If we start with a superposition

To perform our one-atom scheme we have chosen to ug@,)—|a;) and perform a horizontal control-not operation
nonresonant dispersive interactions. It is also possible to ussith one neighbor, these two nodes will share a horizontal
other kinds of physical interactions, such as the RamaitPR pair. By performing the steps that lead to E4.with
pulses in the suggestions of van Egikal. Our only require-  another neighbor, a vertical EPR correlation with this neigh-
ment is that the statelsl;) and|e;) in B be coupled only bor is created without destroying the horizontal correlation
when « is in levelb. with the first neighbor. In this way each node only requires a

We wish to emphasize another important feature of oursingle atom.
proposal, well illustrated in Fig. 2. The use of atoms with
two—plus—two relevant states, re_lther than pairs of_ atoms with ACKNOWLEDGMENTS
two-times-two states, offers a simple geometric picture of the
transfer protocol; cf. in particular the diagonal extraction in  This work was completed under the newly established
Fig. 2(b). We believe that such pictures may be useful in theThomas B. Thriges Center for Kvanteinformatik at the Insti-
development of further ideas, not only for fault-toleranttute of Physics and Astronomy and the Institute of Computer

transmission. Science, University of Aarhus.
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