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Accuracy of a teleported cavity-field state
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We present a calculation of thielelity of a cavity-field state teleported by means of a scheme that requires
only two high<Q cavities. Based on current experimental capabilities, we demonstrate the feasibility of our
scheme if the mean photon number of the cavity field is on the order of unity, allowing a reasonably accurate
teleportation.

PACS numbdps): 03.65.Bz, 03.67%a, 32.80.Rm, 42.50.Dv

Quantum nonlocality has recently become the cornerstongquently, this SCLS is teleported from Alice’s cavi€y, to
of a set of striking proposals, which open the way to newBob’s identical cavityC,. The quantum channel required for
guantum technologies: bit commitmdnf], teleportationf2],  teleportation is here played by another two-level Rydberg
computation[3], and communicatiop4]. Inspired by these atom B, entangled to the receptor field i@,. Additional
theoretical advances, experimentalists have developed tecRydberg atoms, Ramsey zones, and ionization chambers are
niques for the realization of teleportatips] and to demon- used as needed.
strate quantum logic operatiof@]. However, the realization The two-level atoms comprehend the circular Rydberg
of all these proposals faces a crucial problem, intrinsic to thestates|1) and |2), with principal quantum numbers 50 and
nature of entanglement: the decoherence of quantum stat&4, respectively. Each micromaser cavity is initially prepared
subjected to the action of the environment. This drastic proin a single-mode coherent state,) by a monochromatic
cess, transforming superpositions of quantum states into staeurce. Classical microwave fields are injected into the cavi-
tistical mixtures, has been discussed by a number of authotges and the amplitudes of these fields can be adjusted by
[7,13] and, recently, observed experimentdlly]. Since the varying the injection time.
coherence decays with a lifetime proportional to the inverse Here we take into account the errors introduced only by
of the system excitation numbgr], it becomes indispens- the cavity dissipation mechanism. The efficiency of the ion-
able to estimate, from a given superposition, fidelity of a  ization chambers is considered to be unity, and two out of
resulting process. Recently, Braunstein and KinjBlehave three atoms are able to travel the distance of the whole setup
computed the fidelity of a teleported “Scliinger cat’-like  without decaying. In fact, since a Rydberg-atom excited state
state(SCLS generated by parametric down-conversion as @as a lifetime on the order of 18 s, the probability of
running wave Here, however, we focus on the specific prob-staying in this state is 0.67 for an experiment duration of
lems of quantum-state engineering and teleportation in cavitgbout 4<x 102 s.
quantum electrodynamic€CQED). In this realm, a SCLS Under these assumptions the Hamiltonian including the
teleportation protocol has recently been proposed, requiringequired dispersive interaction between an atom and the dis-
three highQ cavities[9]. In the present paper, we advance sipating cavity field is described, through the assumption of a
computation of the fidelity of drapped SCLS, teleported linear coupling, as
through a scheme based on only two hi@lzavities, whose
feasibility we also analyze. The advantage of adopting our
two-cavity scheme for teleporting a SCLS, as opposed to its t hwg
alternative one in the literatuf@], is twofold: it minimizes H=fwa'at+ —-
field dissipation through cavity damping mechanisms and
also provides topological simplification of the experimental
setup.

Previously presented two-cavity schemi#8,11] have not
envisaged teleportation of mesoscopic field states. In this
work, the quantum channel employing a mixed atomic-field {
state, prepared through the interaction between a two-level R, D,
atom and a cavity field, is more suitable to mesoscopic-state
teleportation. Teleportation oN(>2)-dimensional states
has also been proposed in the CQED donjai.

The teleportation apparatus is depicted in Fig. 1. The
SCLS engineering consists of a two-level Rydberg atom
that crosses a Ramsey-type arrangement, i.e., aQighi-
cromaser cavityC, located between two Ramsey zories
andR;. After interacting with this arrangement, the atom is  FIG. 1. Experimental setup for engineering and teleporting the
counted by detectdD 5, projecting the SCLS ilC,;. Subse- SCLS.
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where o,=[2)(2|—|1)(1|, a anda' are, respectively, the :
creation and annihilation operators for the cavity mode of a/(t):—iw/a/(t)—iEk B k(1) (63
frequencyw, wheread, and bﬁ are the analogous operators
for the kth bath oscillator mode, whose corresponding fre- P . -
quency and coupling constant wriég and\, resgectively. Brid)= T, (D =1Nca (D). (6b)
The frequency of the cavity mode lies between the atomic |geal processLet us consider the ideal process, i,
energy levels, separated liyoo, in a way that the detuning  —g in Hamiltonian(1). The SCLS to be teleported is pre-
6=|w— wo| is large enough that only virtual transitions oc- pared inC; where the coherent stafe,); has been previ-
cur between the statgd) and|[2). We assume thak=0  qsly injected. This is done by sending at@acrossC;.
when the a_tom is out_S|d_e the cawty. The atom_-fleld coupllngThe atom is assumed to be velocity selected such ghat
parameter isy=0% 6 inside the cavity, wher€l is the Rabi  _ /> \yherer is the atom-field interaction time. After being
frequency. The last term in E{}) is valid under the assump- |5ser excited to the stal@), and rotated irR; to an arbi-
tion thatQZn<_52+ ¥?, wheren is a characteristic photon rary superpositiore| 1)+ c,|2)x at t=0, atomA under-
number andy is the spontaneous-emission rdtes]. For oes a dispersive interaction with the field@y and a=/2
simplicity, we suppose that the atom-field coupling is turnedgmse inR,. The process is accomplished by detecting the
on (off) suddenly at the instant the atom entdesves the  345m atD, | inducing the collapse of the cavity field to the
cavity region. sc
The Schrdinger state vector associated with Hamiltonian
(1) can be written using | W5 (1) 1=Np(Celar)1*Chlaz)y), (7)

V(1) =€ 1)| Dy (1)) +e0"H2)[Do(1), (2 wherea,=—(—1) ia,, N, is a normalization factor, and
the + (—) sign occurs ifA is detected in statEl), (|2)4)-
Simultaneously to the preparation of the SCLS, the quantum
— (A2 2 channel is generated by sending at@nassumed velocity
|®A0) = (d el m) [{d* il mpA @ Bid Dl e {Bid), selected exactly as atom, acrossC,. After undergoing a
/'=1,2, the complex quantities and 8 stand for the eigen- /2 pulse inR; (leaving the zone at=0) and a dispersive
values ofa andby, respectively, and4,(a.{B}.t) are the interaction inC, the atom plus cavity system ends up, at
expansion coefficients fdb,,(t)) in the basis of coherent- timet, in the entangled state
state products{|«,{B})}. Using the orthogonality of the 1
atomic states and Eqgg&l) and (2) we obtain the uncoupled Wt —— (d@ot?] +eiooti2p
time-dependent Schdinger equations: V(®)e2 \/5( [Delai).te 12)gl @2)2),

where

8

d
'hﬁ@/(t)):H/kD/(t»’ (3 where the phases &2 are a consequence of adopting the
Schralinger picture.
The teleportation process is achieved when aBumder-
M, =hw,ala+ D hobibct > h(ha'be+A;ab)), goes a dispersive interaction wi@y and aw/2 pulse inR,,
: : 4) leading the whole system to the entangled state

; , Np .
with @,=[w+(—1)"x]. Note that the problem has been W (t = Prdeot/2[qy | — c +c
reduced to that of the dissipation of a cavity field whose V(®)s12 2 { [L)ell = @on(Ci]ar)s=colaz):)
frequencyw is shifted by— y (+ x) when interacting with

—iwqt/2]
the atomic state 12). To solve Eq(3), we assume zero bath | agh(Calar)o = calaz))] — €70 H(2)g
temperature, which is an excellent approximation for, in cur- X[|— ag)r(Cr|ar) 2Tyl az)y)
rent experiments, the cavity environment is cooled to 0.6 K
by a 3He-*He refrigerator, making blackbody radiation neg- *lag)1(Colay),+cil@z)2)]}- 9

ligible [14]. Moreover, in the microwave regime the states of . .

the environmental oscillators can be approximated by the SO: Py detecting atorB atDg and measuring the phase of
vacuum states, so that, initially, for a given cavity, th€ fieldinC, we project the field state i@, on one of the
|®,(0))=|ag.,{04}). Here, we invoke the remarkable prop- four p(_)ssmllmes descrlbeq by EQQ). By injecting a refer-
erty, following from the Heisenberg equations of mot[g, ~ €nce field of known amplitude, in C, through its corre-
that at absolute zero both the system and the environmesPondent source, the field statesao); and|ao); in Eq. (9)

remain coherent, despite exchanging excitation, in such §VOIve respectively to the stati®); and|2ao),. Such states
way that can be easily distinguished by sending throwgha stream

of ground-state two-level atoms that are made resonant
|® (1) =], (),{8, (D}, (5 with the cavity field [16]. Considering the outcome
|1)g| — @)1, the SCLS teleported t€, is exactly the same
where the coherent-state amplitudes satisfy the time evolwas the original one. For the outconm&)g|ag);, one must
tion equations now send an auxiliary atom, prepared in the excited state,
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to interact dispersively withC, for, by selecting the ve- No o

locity of this atom such tha 7=, the cavity mode irC, — > e W o2 |/ el (1) B, k(D)1
evolves exactly to the original SCLS. About the V2 /7

outcomes|2)g| — @g); and|2)g|ap)1, one can still obtain,

from the projected states ., the original SCLS. However, Xl|a ()18, ((D)})2. (13

this feat demands considerable effort, working against the

fidelity of the teleportation process, as we will discuss else-After atomB interacts withC, during the time interval from

where. t,>1t3 tots, a free evolution of the system follows until time
Real process: preparation of the SCLA&ter the interac- ts, when the atom undergoesm(z pulse inR, leading the

tion between aton (prepared in the arbitrary stag|1),  entanglementl3), at instant>te, to the state

+¢,|2)a) and the cavity field ap),, the state of the system IV

is €1 (t)[1)al a1 (t) {B1i(D)})1+Ca(t)[2) al @2(t) {Bap() }) 1, —P > (- 1)/'(/"+1)e—(—1)/”iwot/2d/

wherec,(t)=c, exg —(—1) iwgt/2]. The field amplitudes 2 '

a,(t) and 8, (t) evolve according to Eqg6) during the o

time interval the atom spends inside the cavity from instant "Melay (OB (D)1

t;>0 tot,. The evolution outside the cavity obeys ES). X|a, (1) 4B, )2, (14)

with x=0. By detecting the atom &2, after undergoing a ’

w/2 pulse inR,, the resulting field-environment entangled with «,,.(t)=(—1)%""a(t), where we have chosegr

X

state thus is written as =/2, so that, from Eqs(5) and(6),
N _ —(T/2+iw)
WA= Noledar(® B O] a(t) = age T, 19
*Colan(t) {Bax() )1} (100  andB,, (t>t") is the result of Eqs(6) for B, (t) with

initial condition given byB, (t").

To accomplish the teleportation we now measure, analo-
gously to the corresponding lossless process, the state of
atom B in detectorDg and the phase of the field i@;. In
about 25% of the trials the final teleported state will be ex-

' actly the original SCLS corresponding to the detection of

[ L)el —a(t))s:

where NV, is a normalization factor and the- (—) sign
occurs if atomA is detected in statEl), (|2)4).

The fidelity]—',f(t) of the prepared SCLS, i.e., the overlap
between the state vector of E4.0) and the expected SCLS
[WE (1) 1=Nefcalay ~°(t))1 %ol ~%(1))a}, is given by
Fat)=|(¥e(t)|¥p(t))]|% Here,T is the relaxation con-
stant of the cavities. The quantities;=°(t) are obtained . .
from the expressions af ,(t) evaluated fol =0. For sim- |‘I’f(t))2=NTéw°t/2§/: d B,/ (D)}
plicity let d;=c,, d,=*c,. Hence,

Xla, (1) {B,k(D)})2, (16)
Fe)=|NeNpl2 2 did,d, d%(a,~(D)]a,(1) whose fidelity 77 (t) =[[(W g (t)| 7 (1))]|? is written

wovp' v

X, (O]ah OBy kOB, 1) F T e

where summations over Greek indices run from 1 to 2. To
calculate the scalar products appearing in this equation, we
use the exact results that follow from EdS) and (6).
Teleportation of the SCL&et us assume, without loss of
generality, that atonB, velocity selected equally as ataf
and prepared in the statélfz+|2)g)/V2 by crossingRs,
reaches<C, at timet,; and leaves it at,. Thus, the required

entangled quantum channel is giventatt, as Prepared SCS T TTTteea.
o4 -« Teleporedscs Tl T
1 , 4 FTM 1"1:1
|\I,(t)>B,2:_ E ei(il) Iwot/2|/‘>B|a/(t)i{ﬂ/,k(t)}>2' 0.3 i T T Y T T T T
\/E / 0.2 0.4 0.6 0.8 1.0
(12 rt

o . ) FIG. 2. Fidelity for both the preparedolid line) and teleported
Considering that atom is detected byD 4 at instantts, the  (gashed lingSCLS, fora=1/2, 1, and 3/2. The SCLS decoherence
tensor productW 5 (t));® |W(t))g . can be expressed at time times are T1,=2I,7,=1/(2T"), and 74,=2/(9T'), respectively
t>t5, before atonB entersC,, as (considering the photon lifetimE~1=10"2 s).
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. ) o degraded. Indeed, the teleportation is achieved before this

Fr(t)=|NeN7| 2 ,d,dyd,.d, SCLS decoherence time ¥510° 3 s). For a=1.5, by the
pontto¥ time the teleportation process is achieved, the prepared
><({,Bﬂ,,k(t)}|{B,L,k(t)}>>2 SCLS has already lost its initial quantum coherence, which

r—o r=o occurs at about 10 ® s. However, we stress that the fi-
X(a, (t)|%(t)><%’(t)|aw (). A7 delity of such a prepared SCLS starts with an appreciable
value above 0.8. It is also apparent in Fig. 2 that, by the time

In Fig. 2 we present the fidelity for both the prepatéd) . o
and teleported SCLS'617), calculated with parameter val- the teleportat!or] occurs, the f_ldellty of the prepared SCLS
as already diminished appreciably. Thus, our result prevents

ues achievable using nowadays technology. For the photorﬁ _ ;
lifetime we conside” ~1=10"2 s, accounting for a cavity 2" attempt to teleport a SCLS with>1, regarding nowa-

Q factor around 19 [14], whereas the atom-field coupling days expt_erimental capabilities. Far= 1.5_, despit_e the fact
parameter is fixed so thagr= /2. The effective atom- t.hat.the fidelity of the prepared SCLS is considerable, the
cavity interaction time is set to=30 us by selecting atoms  fidelity of the teleported state drops to about 0.55. Hence, the
with velocity around 240 m/s, implying the typical value Present calculation shows why the experiments requiring just
x/2m~10 kHz[14]. Considering a Rabi frequency given by the preparation of a SCLS, as has been the case of RHf.
Q/27~25 kHz, and a detuning of~500 kHz (perfectly ~ leads to results that fit very well the theoretical calculations.

within the range of nowadays CQED technolpgthe con- We notice that we have indeed calculated a conditional
dition for the dispersive atom-field coupling is satisfied, i.e.,fidelity, i.e., the one resulting from 25% of the trials con-
0/6=<1. cerning the expected measurement of the state of &am

A successful realization of the teleportation process is obeetectorDg and the phase of the field i@,. However, one
tained fora=0.5. In this representative case both the fideli-can still obtain, from whichever measurement results, the
ties are approximately unity, even at=T"'=10"2's, original SCLS, at the expense of a smaller fidelity, as we will
which is about one half of the SCLS decoherence time. Fogiscuss elsewhere.
a=1.0, the fidelity of the prepared SCLS by the time the
teleportation is concluded is definitely significant,0.75, We wish to thank the CNPq and FAPESP, Brazil, for
showing that the teleported state has not been considerabspport and C. J. Villas-Bas for helpful discussions.
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