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Ideal Quantum Communication over Noisy Channels: A Quantum Optical Implementation
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We consider transmission of a quantum state between two distant atoms via photons. Based on
a quantum-optical realistic model, we define a noisy quantum channel which includes systematic
errors as well as errors due to coupling to the environment. We present a protocol that allows
one to accomplish ideal transmission by repeating the transfer operation as many times as needed.
[S0031-9007(97)03317-6]
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Quantum communication [1-4] is the transmissiontrast, the physical basis of our scheme, laser manipulation
and exchange of quantum information between distantf atoms in CQED [8], makes it comparatively simple to
“nodes” of a quantum network. The nodes of a quantuntreate highly entangled states of atoms with many photons
network are typically two-level atoms which store the (transient qubits). Furthermore, the present correction
guantum information represented by entangled states aicheme requires only a moderate overhead, with (entan-
guantum bits (qubits). Operations in such a quantunglement of) only two atoms on each node. Given that
network are unitary transformations on qubits. Thesesmall model systems of “ion trap quantum computers” [9]
can either be local operations, i.e., within a node, oiinvolving a few qubits will be built in the near future, such
nonlocal operations involving qubits in distant nodes,a scheme opens a realistic perspective of implementing
such as transmission of qubits or, in general, distributiorperfect transmission in quantum networks. This will have
of entanglement over the network. In particular, idealinteresting applications, such as distributing and storing

guantum transmission is defined by EPR pairs in distant nodes for secure public key distribu-

(col0)y + c111)1) ® [0)2 — [0); & (col0Ys + c1]1)a), tion [1], purification schemes for quantum cryptography
1 [3], and dense coding of quantum information [4].

(1) We consider the atomic scheme outlined in Fig. 1(b).

where an unknown superposition of internal stdt¢saind  Three internal long-lived (ground) states levels participate
|1> in atom 1 in node 1 is transferred to atom 2 in node 2in the transmission. The qub|t is stored l@> and
Physical implementations of tr_ansm|SS|on protocols in de), whereas|r) acts as an auxiliary level. To achieve
quantum network based on cavity QED (CQED) have retransmission from atom to j, one first transferge); —
cently been proposed [S]. They involve properly designeq,), via a Raman process, where a photon is emitted
laser pulses which excite an atom inside an optical cavitynto a highQ cavity. The generated photon leaks out of
at the sending node, so that the state is mapped into a phgive cavity, propagates along the transmission line, enters
ton wave packet. This wave packet propagates along @e optical cavity at the second node, and induces the
transmission line connecting the cavities, enters the cavitierse transitiorlR); — |E); (we will use capital letters
at the receiving node, and is absorbed by an atom [se@ denote the states of the atoms in the second node).

Fig. 1(a)]. In other words, “permanent qubits” stored in|n the ideal case, for time — o this corresponds to a
atoms generate and annihilate “transient qubits” repremapping of the atomic states,

sented by photons which play the role of a data bus for T l£)iIRY; — lg)ilR);,

quantum information. In a perfect implementation, this " leilRy;  —  |r)lE);, (2)
scheme allows for ideal transmission. In practice, there

will be errors; in particular, the channel through which

the photon travels will be noisy, e.g., there will be photon ®  viy1  transmission canity 2 ®)

absorption. In this Letter we will show that this physi- - 2\ I [ - S
cal setting of quantum transmission of qubits via photon (ﬁ -~ 3)-»-(@; . ﬁ) /\
exchange gives rise to novel error correction schemes to L0y } b i —5— 1>
be developed, which permit one to retry sending the qubit L 23) 4 ! ——ig>

until perfect transmission is achieved, thus correcting for

transmission errors in the noisy quantum-optical channeflG. 1. (a) Schematic representation of the protocol for ideal
to all orders. Typical error correction schemes developedlf@nsmission of one qubit from atom 1 in cavity 1 to atom

. ; .2 in cavity 2. Atomb is a backup atom and an auxiliary
in the context of quantum computing [6] and purification 45 The steps (i)—(v) in the protocol can be found in the

schemes_ [3] add an increasing n_umber of atoms (permaext. (b) Level structure of atoms and couplings induced by
nent qubits), to correct errors to higher order [7]. In con-laser and cavity fields.
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where the field modes are restored to the vacuum. (ii) With a probability 1 — P a quantum jump will oc-

In reality, there will be errors due to coupling to cur corresponding to either photon absorption or spon-
the environment, as well as systematic errors due ttaneous emission from one of the atoms. The complete
imperfections in adjusting the experimental parametergorocess will consist of an evolution according to the ef-
We consider the errors that occur during the transmissiorfective Hamiltonian, a quantum jump at a random time
and assume that local operations are error free. Thand followed by the evolution given b¥.¢s. Fors — oo,
most important errors during transmission will be duethis can be summarized as
to (1) photon absorption, either in the mirrors or in the ,
transmission line; (2) imperfectly designed laser pulses [8ilR); a0, (€]
(including timing, detuning, etc.); the photon wave packet le)ilRY; — Ir)ilR);,
may be reflected from the second cavity or inducewhere the cavity modes are again restored to the vacuum
incorrect transfer in the second atom; (3) uncontrolledstate. Physically, Eq. (4) can be understood as follows:
phase shifts and polarization changes in the transmissidh a photon is absorbed while propagating from the first
line; and (4) spontaneous emission during the Ramato the second cavity, or in the cavity mirrors, this means
process. This last error can be strongly suppressed Byat it was emitted by atom 1, which ends up in state
detuning the laser and the cavity mode from the excitedr);; atom 2 remains irR);, since there is no photon to
atomic states. Nevertheless, we allow for spontaneougxcite it. In a similar way, if the first atom undergoes
emission to the statds); or |R); [10]. spontaneous emission to level); during the Raman

Decoherence and decay may be viewed as a result gfocess, no photon will be transmitted via the channel,
a coupling between the system (the two nodes) and thand again atom 2 will remain in staf®);. The same
environment. Under the assumption of vanishing correreasoning applies to spontaneous emission in atom 2 to
lation time for the reservoir (Markov approximation), the level |R);. Note that (4) is a special case of the state
time evolution of the system can be described by a puréapping (3) withe = g = y, = 0.
state vector evolving according to a non-Hermitian ef- We can summarize and formalize the above discus-
fective Hamiltonian H.¢r) interrupted by quantum jumps sion in the following definition of a noisy channel [14].
at random times. This quantum jump picture of dissi-Consider the state mapping defined in (3): With prob-
pative dynamics underlies the recently developed quargbility P # 0, a, 8, andy;, are random, butr, 8 are
tum trajectories methods developed from Monte Carldhe same in two consecutive transmissions [(ii) and (iv)
integration of quantum-optical master equations [11]in Fig. 1(a) and see below]. With probability — P,
More specifically, our present setting [Fig. 1(a)] corre-a = B = vy, = 0.
sponds to a cascaded quantum system where there is aNow we show how to perform ideal transmission
unidirectionalcoupling from the first to the second node. over this noisy channel, for arbitrarily sma#l. In the
The general theory of cascaded quantum systems, in paiellowing, normalization factors are left out. We start
ticular, the quantum trajectory formulation, was developedut with the superpositiofrolg); + cile)1)lg)s[R)2IR)q.
by Carmichael and Gardiner [12]. Systematic errors ard he scheme consists of five steps [Fig. 1(a)]:
included in this description as part of the effective Hamil- (i) Local redundant encoding-Entangle atom 1 with
tonian evolution. Within the present model there are twdhe backup atond in node 1,
possible evolutions during nonideal transmission, which le) le)s ey
can be summarized as follows: [ le), } ® |g)sIR):2IR) — [ B } ® |V;) + [ 120 }

(i) With a probability P, no jump will occur. The

corresponding (unnormalized) evolution will be given by ® |D;),
|g>|R>] Heit a|g>|R>]9 Wherel’\l] > = |e> |R =
s e i) = leqIR)IR), and|®;) = |g)i|R)2[R),. In
le)ilR),; BIrilE); + yilr)ilR); + y2ledilR);, the rest of the scheme atobwill not participate in any

, process. Thus, we just have to give the evolution of the
for + — «, where we do not write the state of the states ;) and|®,).

cavity modes explicitly since it starts and ends up in
the vacuum stat¢00).. The appearance of population
in levels |r);|R); and |e);|R); may be due to wrongly W) = (BIr)ilE), + yilr)ilR): + yalehi|R)2) [R)a,

(ii) Transmission from atom 1 to 2-We find

designed laser pulses. There can also be phase shifts (5a)
and amplitude damping of the coefficients and 3,
for example, due to photon absorption or spontaneous |Pi? = alg)IR):|R)a. (5b)

emission. In general, the complex coefficieats3, and Then we measure if atom 1 is left in stdtd. If yes, an

Y12 Wi|| be functions of (random).external parameters.qrror has occurred, and the state is collapsed fo
We will, however, assume for a given complete process

()—(v) [see Fig. 1(a) and belowly and 8 are the same [lg)b} ® le)1|R)2|R),.
in the first (ii) and second (iv) transmission [13]. le)s
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The backup atom is in the pure statglg), + cile),, the operators;,. The HamiltonianH; fori = 1,2,a,b
so that we can start again, after resetting the remainindescribes the interaction of the atoms with the respective
atoms. If atom 1 is not found in stafe);, the corre- cavity modes and the laser, where the upper level of the

sponding component in (5a) is projected out. A has been eliminated adiabatically already,
(i) Symmetrization—Perform a local operation on g2 +
atom 1 that takeg-); to |g);, and|g); to |e);, so that H(t) = AT Y ailr)irl + dwi(t) |e)iilel
Wiy = (Blgh|E) + vilghIR2)IR).,  (6a)
(@) = alen|RRIR),. (6) ~ iladlelutr] - Hel, ©)

By effectively interchangindg); and |e);, the unknown Whereg is the coupling constant between atom and cavity
coefficientsae and B of the first transmission are now mode, A s the laser detuning from the upper state,
“symmetrized”: in the next steg®) will acquire exactly 0@ (1) = 7Q(1)?/(A + iT/2) describes bIOth the ac-Stark
those errors whiclt¥) acquired in step (ii) [15]. shift and an effective decay of), g:(r) = 58Q,(t)/(A +

(iv) Transmission from atom 1 @ —We obtain ir'/2) iSIthfj effective thO-EhOtOH R;’:\bi freguihﬁy (which

_ _ is complex), in terms of the one-photon Rabi frequenc

Wiv) = @BlghlEnIR)a + ayilghlR):IR)a, Q). Ioln [5] it is described hovrx)/ one construc?s they
1Dy = aBlrhIRRIE), + a(71lr)1 + ¥2le))IR)2IR).,  proper laser pulse. The quantum jump corresponding to
where the, etc., refer to the second transmission. ThergPONtaneous emission amounts to projecting onto the state
we measure if atom 1 is ife);. If yes, an error has |7} [see Fig. 1(b)]. , _ _
occurred and the state of atdmcan be recovered similar  Figures 2(a) and 2(b) illustrate the time evolution of
to step (i). If not, measure if atoms 2 and are in the fuII_ system in the case that no jump occurs, and
IRY:|R), [16]. If yes, an error has occurred and we where in the fmal measurements no error was found (we
measure the state of atom 1. Depending on the outcomgh€cked that if an error is found, atabis in the correct
an appropriate one-bit operation allows us to recover th8ackup state). Figure 2(a) shows the first half of the

state from the backup atom. If atoms 2 amdare not

found in |R);|R),, then it implies that no quantum jump 1
has occurred, and therefore, according to our assumptions
a = & and B8 = B, the unknown coefficients and 3 o, 0.8
factorize, and thus drop out. The states will be now ,c_.: 0.6
1 e tentetry, + [ [0 o IRtz @ 2 04
|e>b 81 2 a |g>b 1 2 a: o v
(v) Teleportation—We measure whether atom is 0.2
in |g), or in |e),. Then we measure if atom 1 is in 0 . . , ) o
lg)1 = |r);. Finally, measure if atomisin |E), = |R),. (i) <e—(ii) > (iii) €— (iv) > (V)
Depending on the outcome of these measurements, one 1 g ' " , i ,
can apply an appropriate single atom operation to atom 2 C)
to obtain the original superpositian|G), + c(|E), with 0.8
probability one. These measurements effectively teleport §"
[17] the state from the first to the second node. 5 06
We now present numerical simulations of the full ‘3
problem, to illustrate this error scheme in the context 0.4
of quantum Monte Carlo wave function simulations for
a cascaded quantum system. We take as the effective 0'%30 00 30
Hamiltonian for our system (in the rotating frame) [5] Kkt Kt
4 " + FIG. 2. Results of Monte Carlo wave function simulations for
He(2) = Z H;(t) — 6(aja; + aran) the cases of no quantum jump (a), (b) and a quantum jump due
i=1, + t t Co 1 to photon absorption (c), (d). The parameters ajgV/2 =
—iklajar + aay + 2aa1) — ikiaya —0.29 + 0.25i, ¢1/v2 = 0.36 + 0.473i, g = 5k, and A =

— ik aT as (8) 10«: (a) Overlap of the state of the system with the ideal state
25252 after step (ii) as a function of time foF = 0 and «'/kx =
whereq; is the annihilation operator for a photon in cavity 0, 1, 10 (solid, dashed, and dot-dashed line, respectively), and

i = 1,2, 6 is the Raman detunings is the decay rate I = «' = «x and a 10% error in the Rabi frequencifs,(r)

; / - (dotted). (b) As in (a) but the overlap with the ideal state after
Of. each crav![ty, am.jKl:z areh the IphoEﬁ?. loss rates d(lntstep (iv). (c), (d) Overlap with the statg|g), + cile), of the
mirrors and transmission ¢ _anne). IS corresponas Backup atom in the case that a jump occurs during step (iv).
the usual one-photon damping due to a zero temperatufgiotted are the cases whefe= 0, and «’/x = 1,10 (solid

reservoir. A quantum jump amounts to the application ofand dashed lines, respectively).
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evolution, where we plot the overlap with the ideal statecan repeat the transmission operation as many times as

after step (ii): thus, if there would be no errors, afterneeded to accomplish ideal transfer. We believe that this

step (ii) the overlap would be 100%. Figure 2(b) showsis a fundamental theoretical result towards implementing

similarly the overlap with the ideal final state. In the experimentally quantum communication networks.

absence of absorption and other errors, both the first and We thank D. DiVincenzo, H.J. Kimble, and H. Ma-

the second gates are indeed found to transfer 100% difuchi for discussions. This work was supported in part
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With increasing absorption, there is less and less overlapustrian Science Foundation.
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the second gate completely recovers from this error (for

large dissipation this happens only in the final step, in

the joint measurement of atoms 2 anjl thanks to the 1)} Bennett, Phys. Todags, No. 10, 24 (1995).

symmetrization of step _(|||).. We also plot a case where 2] B. Schumacher, Phys. Rev. 34, 2614 (1996).

there is spontaneous emission and a 10% error in the lasef] ¢ H. Bennettet al., Phys. Rev. Lett.76, 722 (1996):

pulses, and also there the correct final state is reached. A. Ekert and C. Macchiavelldpid. 77, 2585 (1996).
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occurred in step (iv), where now the overlap of state of 69, 2881 (1992); K. Mattleet al., ibid. 76, 4656 (1996).
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