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Controlled teleportation via photonic Faraday rotationsin low-Q cavities
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This paper presents feasible experimental schemes taeeaintrolled teleportation protocols via photonic
Faraday rotations in low-Q cavities. The schemes deal watitrolled teleportation of superposition states
and two-particle entanglement of atomic states. The infbion is encoded in three-level atoms in a lambda
configuration trapped inside coupled cavities by opticarb Also, we estimate the success probability and
the current feasibility of the schemes.

PACS numbers: 03.67.-a, 03.67.Bg, 03.67.Hk

I. INTRODUCTION

The quantum teleportation was firstly suggested by Beraiadt. [1] and its experimental realizations reported from 1997
onwards P, 3]. On the other hand, teleportation remains a challenge mescontexts, such as in trapped wave fields inside
high-Q microwave cavities/f-7, 15, in atomic state via cavity decayf17], in a the single-mode thermal state of light fields
[13], in trapped field states inside a single bimodal cavity, [L6], in schemes without the Bell-state measuremernit}?], in
the angular spectrum of a single-photon field][ among others.

Since the pioneering work by Bennettal. [1], several schemes for teleportation that differ from thigioal protocol have
appeared in the literature. As examples, in the experimeRebd [2], Boschiet al. explored both the polarization and the
state of the photon via two distinct paths to demonstragptatation; in Ref. 74], Popescu substituted the nonlocal channel
by the mixed Werner states. Entanglements of mixed statasrdscal channels were further considered in R&f].[In Ref.

[26], Vaidman proposed a “cross measurement” method to achiéwe-way teleportation using a spin state and a system with
continuous variable. Related to this topic, Moussa showdd i) how to implement teleportation wittdentity interchangef
guantum states, a kind of “cross measurement” in the confeQED cavity. In Ref. P8, de AlImeidaet al. used Greenberger-
Horne-Zeilinger (GHZ) states as the nonlocal channel atstef the standard Einstein-Podolsky-Rosen (EPR) stateksjra
Ref. [29 Agrawal and Pati showed how to achieve perfect telepanatind superdense code using W states as the nonlocal
channel. The generation of W states and clusters stateshd@fgty are discussed ir8{)]. In Ref. [17], Zheng refers to the
approximated teleportation without Bell states measurgsf the superposition of zero- and one-photon states @noerhigh-

@ cavity to another, with fidelity ne&9% [31]. In Ref. [32], Karlsson and Bourennane, also using a GHZ channel, shbaed

to accomplish teleportation controlled by a third partyn@olled teleportations involving many agents were coaisid in Ref.
[33]. Since then, controlled operations have found importaplieations, as for example, quantum secret sharing,doited

by Hillery et al. in Ref. [34], and experimentally reported i )].

Quantum secret sharing was considered further by a numiaertiodrs 6], including a version of controlled quantum secret
[37]. Another important application of controlled operatignadthird part is given by partial optimal teleportationyoduced in
Ref. [3¢] by Filip, considered further in Ref3p], and experimentally reported in Refl(]. More recently, our group introduced
the concept of controlled partial teleportation (CPT) angspnted a feasible scheme for its implementation in thppéd ions
domain 1].

In this paper, motivated by growing applications found bytcolled operationsg2—4(], we propose several schemes to
experimentally realize controlled teleportation (CT) adlas CPT in the context of lossy optical cavities connebigdptical
fibers, taking advantage of the so called photonic Faradayioos [}Z]. The main idea is to make use of the Faraday rotation
produced by single-photon-pulse input and output procéisregard to low-Q cavities/[3]. In view of our applications, we
revisited the input-output relation for a cavity cohergimiteracting with a trapped three-level atom, recentlysidered in Ref.
[12, 47]. We consider a three-level atom interacting with two degate cavity-modes of a low-Q cavity pumped by photonic
emission of a single photon source via optical fibers. Righows the atomic levels of each atom trapped inside one of the
cavities. Each transition is governed by the Jaynes-Cugsiimdel.

The paper is organized as follows: in Sec. Il we present ther&ttical model, in Sec. Il we present several schemes for
realizing CPT and CP, and in Sec. IV we present our conclgsion
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Il. THEORETICAL MODEL

The Hamiltonian that describes the system of a three-ld¢eeh Fig. 1) interacting with a single mode of a low-Q cavity is
given by (24

H=Hy+ ﬁ)\(aTLaL, +arony) + ﬁA(aJ}f{JR, +arogr-)+ Hpg, Q)
with
fuw
Hy = TO(ULZ + 0re) + hwe(ah ar, + alar), 2)
and

Hy = Hpo +ih [ [ e 3 ale) (i + b))

- j=L,R

- /O; do Y a(w) (C}(w)ﬂjf +Cj(w)0j+) ) (3)

j=L,R

where) is the atom-field coupling constam; (a;) is the creation (annihilation) operator of the field-moa®ithe cavity with
j=L,R,w (w.) is the atomic (field) frequency, and,_ ando .+ (cr— andor4 ) are the lowering and raising operators of the
transition L (R), respectively. The L and R transitions dreven in Fig. 1. Hpq is the Hamiltonian of the free reservoirs, such
that, the field and atomic reservoirs are giveniy,. = hffooo dwwabj andHra = hffooo dwwc;cj (j=L,R), respectively.
The reservoirs couple with field and atomic systems indepuethy] at diifferentvalues of frequency with coupling amplitudes
a = \/k/2m anda = +/~/27, respectivelyx and~y are the cavity-field and atomic damping ratgsandc; (b} andc;) are the
annihilation (creation) operators of the reservoirs.

Next, due to the fact of the presence of a pumping field intactwity by a optical fiber one can change, in a convenient way,
to a rotating frame with respect the pumping field frequengysing the following transformation:

hw
Heff:UTHUf ﬁwp(aTLaLJra}LzaR)ﬁLTp(O'LzﬁLJRz) , (4)

whereU = exp{—i>_,_ R[wp(a;aj + b;bj + c;cj) + %20;.]}. Inthis point, using the Heisenberg equations for the dpesa
a; ando;_ (consequently foa} ando;, ), with j=L, R, one can get

a5(t) = = [i(we — wp) + Sla;(t) = Aoy (t) = Vain,;(0), (5)
G- (t) = =li(wo — wp) + 210 () = Ay ()a;(t) + V7 (D)bin, (1) (6)

The relation between the input and output fields reagds ;(t) = ain,;(t) + v/ka;, j =L,R. Here we work with a reservoir
at zero temperature such thgt ; ~ 0. Now, an adiabatic approximation on the above evolutioraéiqos lead us in a single
relation between the input and output field states in the fdrim42]

[i(we = wp) = llilwo = wp) + 3] + A
[i(we —wp) + §][i(wo — wp) + 3] + A2’

r(wp) = )
wherer(wy) = aout,;(t)/ain,;(t) is the reflection coefficient of the atom-cavity system. Qmdther hand, considering the case
of A = 0 and an empty cavity we havé{]

i(we —wp) —

i(we — wp) +

(8)

To(wp) =

INJES TP

According to [L2, 47] the transitionge) <> |0) and|e) <+ |1) are due to the coupling to two degenerate cavity maegesnd
ar With left (L) and right (R) circular polarization, respeatly. For the atom initially prepared i0), the transition0) — |e)
will occur only if the L circularly polarized single-photgulse|L) enters the cavity. Hence Ed)(eads the input pulse to the
output one as$¥,u¢ )1, = 7(wp)|L) ~ e'?|L) with ¢ the corresponding phase shift being determined by the pEeamalues.



FIG. 1. Atomic configuration of the three-level atom trapjre@ach one of the low-Q cavities. Sta{é$ and|1) couple with a left (L) and
rigth (R) polarized photon, respectively.

Note that an input R circularly polarized single-photongayR) would only sense the empty cavity; as a consequence the
corresponding output governed by E8) i |V,.¢)r = ro(wp)|R) = €' |R) with ¢y a phase shift different from. Therefore,
for an input linearly polarized photon pul§g;,,) = %(|L> + |R)), the output pulse is

Vo) = %(éﬂm + %0 RY). ©)

This also implies that the polarization direction of theeeféd photon rotates an an@é. = (¢ — ¢)/2 with respect to that
of the input one, called Faraday rotaticti]. If the atom is initially prepared ifil), then only theR circularly polarized photon
could sense the atom, whereas theircularly polarized photon only interacts with the empéayity. So we have,

[Pout)+ = —=(e”°[L) + ?|R)), (10)

Sl -

where the Faraday rotation@;. = (¢ — ¢o)/2.

I11. CONTROLLED TELEPORTATION

In this Section we present three cases of CT. Firstly we wifisider CT of superposition states. Secondly, we preseft CP
of entangled states and finally we present CT of entangleglssta

A. Superposition states

Here, we consider the CT of superposition states with ong, twmore controls.

i) One contral in this scheme we deal with three atoms each one trappetkitisiee low-Q cavities4, B, andC), respec-
tively. The atoms are previously prepared in specific statesh that|y4) = \%(IOM + 1)), [¥B) = \%(|0>B + D),
lve) = a|0)c + B]1)c, wherea and 3 are unknown coefficients that obay|?> + |32 = 1, and the subindex represents the
atom trapped in the cavity. Also, we consider a linearly figél photon in the state),) = %(|L) + |R)), where|L) (|R))
represents the state with left (right) direction of polatian. The experimental scheme is displayed in Big.

The nonlocal channel is created after the interaction ofptieton with the atom trapped inside the cavity A. Due to the
low quality of the cavity the photon is lost, escaping thriowaa optical fiber directed to the cavity B. This interacti@uses a
Faraday rotation in the photonic state (see Egsand (L0)) leading the entire atom-photon state to

1 . . . .
|p1) = 5(61¢’|L0)A + €'0|L1) o + €' |R0) 4 + €®|R1) ), (11)

where the phasesandg, are obtained by the reflection coefficients in Eq3.and @).
After the photon has interacted with the atom trapped indiéecavity B and considering the adjustments= w. — /2,
g = k/2 andwy = w,. (consisting inp = m and¢, = 7/2), we have
b
=57
1) [ = iL)0Va = |L)[1)a = A1R)I0) 4 + [R)]1)a] ). (12)

92) === (1002 [11)10).4 = FIL)[1).a = [R)|0)4 — il R}[1) 4] +



MAPS | CS TR AO
|LO) e ||0)B|a|0)a — B|1)a| o2

)
)
Blall)a+6|0)a| o
A—PBl0)a|o.0x
)
)
)
)

)
Blajl)a + B|0)a| ox
[L)pe ||y B |a|lya — B|0)a 0204
)
)

re||l)B|al0)a — B|1)al| o

TABLE |. Possible results and rotations for completing tloateolled teleportation procedure for the cake The first column shows the
possible results of measurements on the atdand photonF' states. Second and third columns do the same for the cotdtel €'S) and
for the teleportedT R). Fourth column shows the corresponding Pauli matricesesgmting unitary operations upon the atomic stat®)
required to complete the teleportation process.
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FIG. 2. Scheme for teleporting the superposed atomic étaising one controB. P.S stands for the photon sourcé, B, andC represent
the atoms trapped inside the corresponding caviggd. P1 and PD are quarter wave plate and polarization photodetectquerively.

In the following, the photon interacts with the atom trappegide the cavity C leading the whole state as

|¢3) = 2\f(IO> [—a(lL) +i|R))[0)al0)c + ia(|L) — i| R))[1)al0)c

+iB(L) — iRl + B(L) + il R al1)c]
+ [Dzlia(L) =il R)[0)4l0)c +a(|L) + il R)|1)a[0)c
+ B(L) + il R)I0) all)e — iB(L) — ilR)I1)al1)c] ) (13)

Next, the photon goes through a quarter wave plate (QWP1ginZjj suffering a rotation in the polarization state (Hadagin
operation) such that

(IL) +i|R))V2 — |L), (14a)
(IL) —i|R))V2 — |R). (14b)
Besides, including a Hadamard operation in the state ofttiva &, the system evolves to
61) = 2J4m>[fwmcmmu—ﬂuuyfwdemA+mwm
+ il RO)c(al1)a + B10)4) + il RV c(all) 4 — BI0).4)| +
)5 {|L0>C(O‘|1>A + Bl0)a) + [L1)c(all)a — Bl0)a)+
i|RO)c(a]0)4 — B1).4) + i R1)c(al0) 4 + Bl1)4)] ) (15)
Then, by measuring the photon polarization state plus tte sf the atoms trapped inside the cavities B and C it is plestie
reconstruction of the teleported state via appropriatechit rotations, as summarized in TabléNote that the teleportation is
concluded if and only if the result of the state of the atonpped inside the cavity B is known in terminal A. So, this at@m i
here treated as an agent that control the teleportatiomsehe

if) Two controls This scheme is similar to those shown above. Here, an atdnichvwill work as a new control, is added to
the new cavity ;). One atom is previously prepared in the statg,) = %(|O>B1 + |1) 5,) while the others are as before.
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The experimental setup is displayed in Fig. After the photon to interact with the atoms trapped insideitees A and B,

respectively, using the same adjustments considered ipréwious Section, the state of the system results as that.i{12).
The next step consists in the interaction of the photon,@uatgthe cavityB, with the atom trapped in the cavify,. So, after
the photonic Faraday rotation the state of the system isxdive

9) =5 (100) 35, (— E0) + il E1) — il ROVs +|R1) )
+101) g, (4| L0) A + [L1) 4 + |RO) 4 + i|R1) 4)
+ [10) g, (i|L0) 4 + |L1) 4 + |RO) 4 + i|R1) 4)

115, (= |L0)a +i|L1)a — il RO} + [R1).) ). (16)

Then, this photon is left to interact with the atom trappeside the cavity, in a way such that the whole state of the system
takes the form

6) =5 (100)55, [a )+ IR)I0)aI0)e — ia(IL) — [R)1)al0)c = iB(1L) — |R))I0)all)e — AL} + RNl ]
+101) BB1|: —[R))[0)4l0)c — a(|L) + |R))|1)al0)c — B(IL) +|R))|0)a|l)c +iB(|L) — [R))[1)al1) c}
+ 11005, | — ia(|L) — [R)[0)al0)c — a(|L) + [R)[1)al0)c — B(IL) + [B))[0)all)c +iB(IL) — [R))[1)al)c ]
~ 1155, [a L)+ [R))[0)4]0)c — ia(|L) = |R))[1) al0)c — iB(1L) - |R>)|0>A|1>c—6(|L>+|R>)|1>A|1> )
(7
Next, the photon that leaves the cavity C crosses a quarier plate (Q1V P2 in Fig. 3) and its state results in
(IL) + [R)V2 = |L), (18a)
(IL) = |R))V2 = |R). (18b)
A Hadamard operation in the atomic state of the C, we have
61 =1 (100) 55, [|L0) e (al0)4 — B11)4) + |L1) (0.1 + B]1).0)
—ilR0)pe(all)a + BI0).) = ilR1)po(all) 4 — BI0).)]
+101) 5, | = [L0)rc(al1)a + B10).a) = L) re(al1) 4 = Bl0)a)
—i|RO) rc(al0)a + Bl1)4) — il R1)po(al0)a — Bl1)a)]
+110) 5, | = L0} e (alt)a + B10)4) = L1 ro(all)a = 5/0).4)
—i|RO) re(@l0)a + Bl1)4) — il R1)po(al0)a — Bl1)a)]
+ 1) s, |~ [L0)rc(al0)a = B1)a) = [L1) re(al0)a + Bl1)a)
+ il RO)re(al1)a + B10)4) + i R1) re(all)a = 5l0).4)] ). (19)

The appropriate operations influenced by the measuremehearontrol systems for the teleported state are summairizbe
Tablell.

iii) Generalization A procedure to generalize the number of controls in themehef controlled teleportation of superposition
states can be done by the adding of atoms trapped in additiavities and using specific quarter wave plates after thteckavity.
In this way, if the number of controls is odd, a QWP1 is reqaiiréth rotations given by Eqsl1@a) and (L4b) is necessary; if the
control number is even one request a QWP2 with the rotatiendy Eqgs. {8a) and (L8b). So, with appropriated rotations
we can recover the teleported state with the knowledge afdhérol results.

B. Controlled partial teleportation of entangled states

In our scheme for CPT4[1], an entangled state of partick given to Alice, and particlé3, given to Bob, is to be partially
teleported. Meanwhile, a quantum channel composed by amgleiment of three particles is shared by Alicg)( Ben (B’),



MAPS TR TR AO || MAPS TR TR AO
|L0)rc {100} BB, [@]0)a — B[1)a| 0= ||[LO)rc|[10)Bs, |a|1)a + B10)a| 0x
|IL1) rc{|00) B, [@]0)a +B[1)a| T |[[L1)rc|[10)Bs, [a|l)a — B]0)a|0:04
|R0)rc |100) 5B, |a|l)a + Bl0)a| oo |[|RO)rc||10)BB, |a[0)a + B[1)a| 1
|RL)rc|]00)5B, |a|l)a — Bl0)a|o-0q|||R1)rc|[10)5B, |a[0)a — Bl1)a| o
|L0)pc |[01) BB, |a|l)a + B]0)a| os ||[LO)F ) al0)a — BlL)a| o
|L1)Fc||01) BB, |[1)a — B]0)a|0204||[L1)rc |[11) BB, ||0)a + B[1)a| T

) ) ) ) ) ) ) )

) ) ) ) ) ) ) )

Q
=
=
w
kY

|ROYrc ||01) BB, ||0)a + B]1)a| T ||[|RO)rc||11)BB, |a|1)a + B]0)a| o2
|[R)rc||01) BB, |a|0)a — B1)a| o= |[|RL)rc||11)BB, |a|l)a — B]0)a|0-00

TABLE Il. Possible results and rotations to complete thetiemied teleportation procedure for the caige The first column shows the possible
results of measurements on the atéhand photorn/” states. Second and third columns do the same for the twootstates €'S) and for the
teleported T R). Fourth column shows the corresponding Pauli matricesesgmting unitary operations on the atomic stat®) required to
complete the teleportation process.
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FIG. 3. Schematic representation to teleport a superpdset@state with two controlsP S is the photon sourced, B, B1, andC represents
the atoms trapped in the caviti€3}V’ P2 is a quarter wave plate, arélD is the photodetector of polarization.

and a third part, say Chris(). If Alice performs a Bell measurement on the states of plartl and A’, and Chris performs a
measurement on the state of parti€lethen when both inform Bob their results, the following ietgting result emerges, after
the usual rotation performed by Bob: partidi takes exactly the role of particlé in the previous entanglement shared by
Alice and Bob. As the entanglement between the partidlesd B is broken and a new entanglement between the particles
B andB’ is created in a different place, depending on the collabmratf both Alice and Chris, this characterizes a controlled
partial teleportation.

Next, we describe some schemes for CPT with different nurabeontrols taking into account the low Q cavities scenario
combined with Faraday rotations.

i) One control To perform CPT, four cavities are required as displayeddn & Cavities A and B are previously prepared in
the superposed states while the cavities C and D are préyioepared in the entangled state that we want to telepeendy

[¥)ep = a|01)cp + B110)cp. (20)

Here we will follow the same procedure of the CT-schemes useétll: the photon, previously prepared in a superposed
polarization state, enters in the cavity A and interacthwit atom. Next, this photon is sent to interact with the at@pped in
the cavity B. After that, the photon interacts with the atorim@he presence of the same Faraday rotation discussed tioisec
A. Before the Faraday rotations, the state of the systemittewras

o) = f<|o> [~ al0)alot)en (L) +ilR) +ia1) a0t en(1L) ~iIR))

+iBI0)a[10)en (1) — i[R)) + BI1)al10)en (L) +ilR))|

+ 115 [i0l0)410)en (1L = il B)) + al1)al0t)on (L) +il 7))

+ 810} al10)en (12) + i1 R)) — i811)4110)cn(IL) - i|R>)}>. (21)

After the Faraday rotation in the atom in cavity C as well athmphoton state through the QWP1, the state in Eq. 21 goes to
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FIG. 4. Schematic representation for partial teleportatibentangled atomic states with one contlS stands for the photon sourcé, B,
C, andD represents the atoms trapped inside the cavif)ég,P1 stands for a quarter wave plate, aRd is the photodetector of polarization.

MAPS | FP ESR AO
|LOYrc [|0)YB||01)ap — B]10)ap| 0. ®1
|L1)pc [|0)B|a|01)ap + B]10)ap| I®I
|[ROYrc||0)B ||11) oD + B|00) 4 0, ®1
|R1)F Bla|ll)ap — B]00)ap |00 @1
|LO) p Bla|ll)ap + B]00)ap| 0, ®1

) )

) )

) )

>}

Q
=
>}

Q
—

|L1)p a|11)ap — Bl00) ap |00, ® 1
|RO) p al01)ap — B|10)ap| 0.1
IR rc||1)B|a|01)ap + B]10)ap| I®I1

Q
—
oy

Q
—
oy

| | |~ |~ [ |— |—

TABLE lll. Possible results and rotations to complete thetoalled partial teleportation procedure for the cgsd he first column shows the
possible results of measurements on the afbend photorn/” states. Second and third columns do the same for the cotutel('S) and for
the teleported statd(R). Fourth column shows the corresponding Pauli matriceesgmting unitary operations upon the atomic stat@)
required to complete the teleportation process.

) =5 <|o> [~ IL0)c(@l01) ap = Bl10)ap) ~ [L1)o(al0L)ap + B110)4p)

— ilR0)c(al11)ap + B100)4p) + il RL)c(al11) ap — BI00) ap) |+

1) [|L0)c(@]11) ap + 800)4p) + [L1)c(al11) ap — B00)4p)

+i|RO)c(al01) ap — B[10) ap) + i|R1)c(|01) ap + BIlO)AD)D, (22)

Then, the controlled teleportation is concluded after therations described in the Tabile. Note that the knowledge of the
atom state controlling the teleportation is essential togiete the process.

if) Two controls Now, we will describe CPT of entangled states using two @&t This scheme is similar to that using one
control as shown above. Let Be the new control as shown in Figg. The atoms C and D share a previously prepared entangled
state to be teleported, while B and Bre the two controls. At the end of this scheme for CPT thenpa€ of the entangled state
composed by C and D will be teleported to A, with A and D becantire entangled state. To better explaining the procedure we
take advantage of the previous scheme in SubseitjioAssume the atoms C and D in the state given by EQ). (The photon,
previously prepared in a superposed polarization staterethe cavity A and interacts with the atom. Next, the phascsent
to interact with the atoms trapped in the cavity B and Espectively. After interacting with the atom in cavity &Hadamard



FIG. 5. Schematic representation for controlled partilgertation of entangled atomic states with two contraf3S stands for photon
source, A, B, B, C, and D represent the atoms trapped inside the cavitigd] P2 is for quarter wave plate, anB D is for polarization
photodetector.

operation is applied to the atom C and the photon passesgh@@WP2. Thus,

|d3) =i{|00>331 [|L0>Fc (2|01)ap — B[10) ap) + [L1) pc (@|01) ap + B]10) ap)

—i|RO)pc(a|11)ap + B|00) ap) — i|R1) pc(a|11) ap — ﬂ|OO>AD)}

+|01 BB, |L0 FC Oé|11>AD+ﬂ|OO>AD) |L1>FC (OL|11>AD7ﬂ|OO>AD)

—i|RO)pc(a|01) ap — BI10)ap) — i|R1) pe(a]01) A +5|10>AD)}

—i|RO)pc(a]01) ap — BI10Yap) — i|R1) pe(al01)ap + ﬂ|1o>AD)}

(
(
+[10) BBI[ 1L0) pe (a]11) ap + Bl00) ap) — |L1) re (a]11) ap — BI00) ap)
(
—|11) BB, [|L0 rc (|01) ap — B110) ap) + |L1) pc (@]01) ap + B]10) ap)

—i|ROYpe(al11) ap + Bl00)an) — i|RL) pe(a]11) ap — 5|00>AD)} } (23)

To conclude the controlled partial teleportation of entadgstates it is necessary a measurement in the state of tterpénd
the atom trapped in cavity C. Moreover, the state of the odsiB and B must be known by Bob. To recover a successful
teleportation Bob also needs to perform the rotations giyemablelV .

iii) Generalization To generalize the number of controls in thescheme one santithe QWP after the last control as follows:
QWP for odd controls and QW{Pfor even controls.

C. Controlled teleportation of entangled states

Here we present a scheme for controlled teleportation (CBntangled atomic states. The difference between the prese
scheme and that in Subsection B above, is that now the teé#jmoris total,i.e., the teleportation scheme works for the whole
entanglements of two or more particles. In this scheme tite sif one of two entangled atom is rightly teleported by heot
atom while the atomic state remaining is teleported aidecboyrols. Fig.5 displays the scheme of the CPT of entangled states,
which is detailed below.

i) One control in this case we deal with two photohsand?2 that enters into the cavities D and A, respectively. As shown
in Fig. 6, a QWP is placed after the cavity E. The atom trapped insidedvity B plays the role of control while the trapped
atoms trapped inside the cavities C and E share the entasigliedgiven by

|"/’>CE‘ :Oé|01>CE+6|1O>CE- (24)

The other atoms and photons of the scheme are all previoteghaped in a superposition {#f) and|1) or |L) and|R), respec-
tively. The scheme also requires a QY\éter the cavity C.

Firstly we consider the photon in the inferior branch of Fglt crosses the cavities A, B and C, with the same phase. At thi



MAPS | CFS ESR AO
|LO)pc |100) BB, ||01) ap — B]10)ap| 0. ® 1
|L1)pc|100) BB, |@|01)ap + B|10)ap| I®1

|RO)rc||00) BB, |a|11)ap + B|00)ap| 0. @1
|R1)rc|100) BB, |@|11) ap — B]00)aD |00 @1
|L0 F |01 BB, a|11>AD +B|OO AD| 0 Q1
|L [01)BB, |@|11)ap — B|00) oD |00 R 1
|RO [01)BB, |@|01)ap — B|10)ap| 0. ®1
|R [01)BB, |@|01)ap + B|10)ap| I®I
)
)
)
)
)
)
)
)

Q

[y

F

Q

F

Q

=

F

Q

(=)
Q

[y

|L [10) 55, |a|11)ap — B|00)ap |0:0. Q1
|1O BB, a|01 AD 7B|10 AD| 0. ®1
|1O BB, a|01 AD +B|1O AD I®I

|L0 F |11 BB, a|01 AD 7B|10 AD| 0. ®1
|L1 F |11 BB, a|01 AD +B|1O AD I®I

|RO)rc|[11) BB, |a|11)ap + B|00)ap| 0. Q1
|R1)rc ||11) BB, |a|11) ap — B|00) ap |20, @1

F

Q

RO
R

F

Q

=

F

Q

Q

) )
) )
) )
) )
) )
|L |1O>BB1 a|11 AD +B|OO>AD o, ® 1
) )
) )
) )
) )
) )

Q

)
)
)
)
)
)
)
)F
)
)
)
)
)
)
)

TABLE IV. Possible results and rotations for completing toatrolled partial teleportation procedure for the ciseThe first column shows
the possible results of measurements on the &bamd photonF’ states.C'F'S and ESR columns do the same for the control stafeH;)
and for the teleported statel D). The fourth column 4O) shows the corresponding Pauli matrices representingmyniperations upon the
atomic state required to complete the teleportation psaces

QWP2

© ©
|‘“>CE \/ \/
IRYRY

O © ©

OowP1

FIG. 6. Schematic representation for controlled telepiamneof entangled atomic states with two contrafsS is for photon sourced, B, C,
D, and FE represent the atoms trapped in the cavit@8/ P1 andQW P2 are for quarter wave plates, afitlD represents the polarization
photodetectorF'1 and F'2 are for the two photonic channels.

point, the system can be written as

[p2) =2iﬁ{|0>3[— al0)a10)c 1) e (IL)2 + i R)2) +ial1)al0)c 1) s (|L)2 — il R): )

+iB10)alDe10) s (|E)2 = il B)2) + BI1) al1)cl0)e (L) + il R)2 ) | +

1)z [ia|o>A|o>c|1>E(|L>2 —ilR)2) + af1) al0)c[1)p (|1} +ilR)2)

} (25)

Now, if we consider the superior branch, the photon F1 pa$sesgh the cavities D and E, respectively. Inserting tai f

+810) a0y (IL)2 + ilR)2 ) — iB11)al1)cl0) i (IL)s — il R):)
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in the last equation, we have
2} =7 f{|o> [a|o>A|o>c|1>E(|L>2+z‘|R>2)[i<|L>1+|R>1)|o>D(|L>1|R>1)|1>D]
+ia|1)al0)cl s (1L)2 — ilR)2) [ = i(1L)y + R )10)p = (1L} — R ) 11)n]
+i810)alD)cl0)s (|L)2 — il B) )[(|L1—|R )10 (1L + 1B ) 1)

+ BDAN 105 (1L + i1R) ) [ (110 = 1R))10yn = i (1)1 + [R)1) o] |+

1) [m|o>A|o>c|1>E(|L>2 —ilR)s) | =i (1L + RN 10)0 — (120 = |R) ) 1]

+afl)al0)e 1)z (L2 + iR ) | =i(1L) + 1R )I0)n = (1) = [8)1) 11)0)
+810)alDel0)s (12 +ilR)2) [(1201 = 1B)1)10)p — i (121 + 1)1 ) 1]

= B alDel0)e (1E)2 = ilR)2) [ (110 = 1R )10)p — i) + |R>1)|1>DH } (26)

After, the photons F1 and F2 suffer a Hadamard operation byptates QWP2 and QWP1, respectively. Besides, other
Hadamard operations in the atoms E and C lead the system to

|13) g{l%

— [R0)2c|L1)15(al10)ap — Bl01) ap) — [R1)2c|L1)1£(a]10) ap + B8]01) AD)
— i|RO0)2c|RO)1(|11) ap — B]00) ap) + i|RO)2c|R1) 15 (e|11) ap + B]00) ap)
iR ac|RO) g (al11) ap + B100) ap) + i R1)ac | RL) 15 (al11)ap — 5100) D)
+i[L0Yac|L0)1 £ (a]00) ap — BI11) Ap) — i L0Y2c|L1)1 5 (al00) ap + BI11) aD)
+ i L1)2c|L0)1 £ (|00) ap + B111) ap) — i|L1)2c|L1)1(|00) ap — B11)aD)
+1L0)2c| ROY1 5 (a]01) ap + B110)4p) — |L0Yac| RL)15 (]01) ap — B]10) ap)

|R0>20|L0>1E(a|10>,4[) + ﬂ|01>AD) + |R1>20|L0>1E (Oz|1O>AD — ﬂ|01>AD)

+|L1)2c|RO)1£(|01) ap — B[10) ap) — |L1)2c|R1)12(c|01) ap + 510)aD) |+

11)5 ||RO)2¢|L0)15(|00) ap — B|11) ap) — |ROY2¢|L1)1£(|00) ap + BI11) aD)

+ |R1)2¢|L0)1£(|00) ap + B[11) ap) — |R1)2c|L1)12(00) ap — S111)aD)
— i|R0)2c|RO)15(|01) ap + B]10) ap) + i|RO)2c|R1) 15 (|01) ap — B]10) ap)
— i|R1)2¢|RO)1£(a|01) ap — B]10) ap) + i|R1)2c|R1)1£(a01) ap + B|10)ap)
—i|L0)2c|L0Y1 g (|10) ap + Bl01) ap) + i|LO)2c|L1)15(a[10) ap — B|01) ap)
—i|L1)2c|RO) 15 (a|10) ap — Bl01) ap) + i|L1)2c|R1)1£(a|10) ap + B[01) 4p)
— |L0)2c|RO) 15 (|11) ap — B]00) ap) + [LO)2c|R1)1e(al11) Ap + B8]00)aD)

— |L1)2c|RO) 15 (|11) ap + B]00) ap) + |LO)2c |R1)15(al11) ap — ﬁ|OO>AD)] } (27)

At this time the measurement can be concluded with a singésarement in the state of the photons 1 and 2 as well as those
of the atoms C and E. The teleportation will be finalized atterknowledge of these results plus the results of the atstate
of the control (B). The probable results are summarizedenTdibleV.

if) Two controls In this case we consider an additional cavity Bith the trapped atom working as the new control of the
teleportation procedure. The scheme is illustrated in tge® Note that the upper path is not modified. On the other hamd, th
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2C 1E |Control AD AO 2C 1E |Control AD AO
|RO)2¢ [|[LO)1e| |0)B |@]|10)ap + Bl01)ap| 0z @ 0z ||||RO)2c | |LO)1E | |1)B | @|00)ap — B|11)ap | I® 040
|R1)2c ||[L1)1E]| |0)B |@|10)ap — B|01)aD |00z ® 04 ||||RO)2c | |[L1)1e | |1)B | @|00)ap + B]11)ap [® o,
|ROY2c ||L1)1e| |0)B |a|10)ap — B|01)AD|0202 Q@ oz ||||R1)2c | |LO)1ie | |1)B | «|00)ap + B]11)aD I® o,
|R1>QC |L1>1E |0>B a|10>AD +B|01>AD Oz Q O |R1>2C |L1>1E |1>B a|00>AD 7B|11>AD [®og0-
|RO)2c ||RO)1E| |0)B |a|11)ap — B]00)aD| 0202 1 ||||RO)2¢c | |RO)1E | |1)B | @|01)ap + B]10)aD I®l
|RO)2c ||R1)1E| |0)B |c|11)ap + B]00)aDp| 02 ®1 |ROY2c | |R1)1E | |1)B | @|01)aDp — B|10)aD 0. ®1
|[R1)2c ||RO)1E| |0)B |c|11)ap + B]00)ap| 02 ®1 |R1)2c| |RO)1ie | |1)B | @|01)ap — B]10)aD 0. ®1
|R1>QC |R1>1E |0>B a|11>AD 7B|OO>AD 0.0, Q1 |R1>2C |R1>1E |1>B a|01>AD +B|10>AD I®I
|L0>2C |LO>1E |0>B a|00>AD 7B|11>AD I® o0 |L0>2C |LO>1D |1>B a|10>AD +B|01>AD Oy R O
|L0>2C |L1>1E |0>B a|00>AD +B|11>AD [® oy |L0>2C |L1>1E |1>B a|10>AD 7B|01>AD 0.0z Q 0y
|L1)2c ||L0)1E| |0)B ||00)aDp + B11)ap| I® 0s |L1)2c ||LOY1c, | |1)B |@]10)aa, — B|01) a4, |00 R 0
|L1>2C |L1>1E |0>B a|00>AD 7B|11>AD I® o0 |L1>2C L1>1E |1>B a|10>AD +B|01>AD Or R O
|L0)2c ||RO)1e| |0)B ||01)ap + B|10)ap I®l |L0)2c | |RO)1E | |1)B | @|11)ap — B]00)aD | 020, ®1
|L0>2C |R1>1E |0>B a|01>AD - B|10>AD o, Q1 |L0>2C |R1>1E |1>B a|11>AD + B|OO>AD o, X1
|L1>2C |RO>1E |0>B a|01>AD - B|10>AD o, X1 |L1>2C |RO>1E |1>B a|11>AD + B|OO>AD o, X1
|L1>QC |R1>1E |0>B a|01>AD +5|10>AD I®I |L1>QC |R1>1E |1>B a|11>AD —ﬂ|00>AD 0.0: X1

TABLE V. Possible results and rotations for completing tbatcolled teleportation with one control, correspondingase). The first column
(2C) shows the possible results of measurements on the stiaé¢omC and photor2. Second colunm refers to the Alice’s possible results
of measurements on photdratom E. ColumnControl shows the state of control BLD column does the the same for the teleported state
(AD). Fourth column A0O) shows the corresponding Pauli matrices representingmyniiperations on the atomic state required to complete
the teleportation process.

QWP2
F1l
PD © /D :
S ©
\_ \_
W, W

FIG. 7. Schematic representation for controlled telepiamnaof entangled atomic states with two control3S is for photon sources4, B,
Bi1, C, D, andE represent the atoms trapped in the caviti@s P2 is for the two identical quarter wave plates, aRd is for polarization
photodetectorF'1 and F'2 are for the two photonic channels.

state of the subsystem of the lower branch, after the intieraof the photon 2 with the atoms trapped in the cavities ABB
and C, respectively, is given by
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65 = (1005, [ (1L)e + 1B)2)[0) al0D) e — (1L — [R)2) L) al0L)c
—iB(IL)2 = |R)2)[0) 410)cm — B(L) + | R)2)[1) al10) 0]
+101) 5, | — ia(IL)2 = [R)2)[0)al0l)cr — a(|L> )2)I1)
= B(1L)2 + [R)2)[0)al10)cm + iB(1L)2 — [R)2) 1) al10)cs]
+110) 53, [ — ia(|L)2 = [R)2) 0) 401y — a<|L>2+|R2)|1 Al0)er

— B(IL)2 + |R)2)(0)|10)cr + iB(|L)2 — |R)2)|1)

— 1), [a(|L)2 + [ R)2) 0 4[01) Efza<|L>2 [R)2)[1)4101)

—iB(1L)2 — |R)2)|0)al10)c — B(IL)2 + [ R)2) 1) a[10)cm) ). (28)

4[10) CE}
)

Now, after the photon F1 has interacted with D and E, the sifatee system can be written as

65) =§{|00>331 la(lmg + 1R)2)I0)al0L) o[ = (1L + [R)1)0)o = (1) = [R)1)[1)p]

—ia(|L)2 = |R)2) 1) al0D)cr | —i(IL) +1R)1)10)0 = (1)1 = [R)1 ) 1))
—iB(IL)2 = [R)2)|00a10)c | (1L)1 = [B)1 ) 0)p = i(I1L)1 +|R) ) b

}
= B(L)2 + |R)2)1)al10)c | (L)1 = [B)1) 10)p = i(|L): + |R)1 ) DH

10055, | — ia(|L)2 — [R)2)|0)al0L)cr | — (1) +1R)1) 1000 — (L)1~ [B)1 ) 1))

= a(|L)2 + [R)2) |1 al0t)es | = i(1L) + 1R) ) 0)p — (L) — |R)1 ) 1)p)|
= B(IL)2 + |R)2)[0) al10)ce [ (1001 = [B)1) 0)p — (1001 + 1B ) o]

+iB(L)2 — [R)2) 1) a0 | (L)1 = [R) ) 10)p — i(IL)s + |R) ) |1>DH

+ 110025, | —ia(|L)2 — [R)2)[0)al00)cr | —i(IL) + [B)1)10)o — (11)1 — [R)1 ) 1)p)]

= a(|L)2 + [R)2) |1 al0t)cs | = i(1L) + 1R ) 0)p — (1L — |R) ) 1)p)|
= B(IL)2 + |R)2)[0) al10)ce [ (1001 = [B)1) 0)p — (1001 + 1B ) o]

+iB(I1L)2 — [R)2) 1) al10)cr [ (1L = 1RN)10)p = i(1)1 + [B)1) [1)p]

- |11>BB1

a(|L)2 + [R)2)[0)al0V) e | = (L)1 + [B)1)[0)n — (1L0 — 1B ) 1))

—ia(|L)2 — [R)2) 1) al0t)cs | i(1L) 4 R) ) 10)p — (L)1 = R} ) 1)p|
—iB(I1L)2 = [R)2)10)al10)cm [ (1L)1 — 1R )10)p — (1) + [B)1) [1)p]

= B(IL)2 + | R)2) [1) alt0)cn [ (1201 — [B)1) 0)p — i (1L)1 + |R>1)|1>DH } (29)
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Next, considering the plate QWP2 for F1 and F2, plus a Hadaim@aerations upon C and E, we obtain

[13) :é{|00>331 — 1| L0Y2c|L0)1E(|00) ap — B|11) ap) + ¢|LO)2c|L1)1£(c|00) ap + B|11) ap)

—i[L1)2c|L0)11(a|00) ap + B[11) ap) + i|L1)2c|L1)1£(a[00) ap — B11) AD)
— |L0)2¢|RO)1£(r|01) ap + B]10) ap) + |LO)2c|R1)1£(r|01) ap — B|10) aD)
— [L1)2c|RO)15(a|01) ap — B[10)aD) + |L1)2c|R1)1£(ct|01) ap + B[10) aD)
— |R0)2c|L0)1E([10) ap + B]01) AD) + |RO)2c|L1)1E(|10) ap — B|01) AD)
— [R1)2c|LO0)1£(a[10) ap — B01) ap) + |R1)2c|L1)1E(a|10) ap + B|01) aD)
+i|R0)2c|RO)1m(a|11) ap — B]00) ap) — i|RO)2c|R1)1E(a|11) ap + B]00) aD)

+ 4| R1)oc|RO)1(c|11) ap + B]00) ap) — i|R1)oc|R1)1E(c|11) ap — 5|00) ap)

+101) BB, |i[L0)2c|L0)1£(a[10)ap + B|01)ap) — i|LO)2c|L1)1E(|10) ap — B]01) ap)

+ 1| L1)oc|LO0Y1 g (a]10) ap — B]01) ap) — i|L1)oc|L1)1£(|10) ap + B]01) ap)
+ |L0)2c|RO)1 g (|11 ap — B|00Y ap) — |LO)2c|R1)1£(c|11) ap + 5]00) ap)
+ |L1)2c|RO)1g (|11 ap + B|00Y ap) — |L1)2c|R1)1£(a|11) ap — 5]00) ap)
— |R0)2¢|L0Y1 p(|00) ap — B]11) ap) + |RO)2c| L1)1£(|00) ap + B11) aD)
= [R1)2¢|L0)15(|00) ap + B|11) aD) + [R1)2¢|L1)1£(c|00) ap — B]11) aD)
+ i|R0)2c|RO)1£(c|01) ap + B]10) ap) — i|RO)2c|R1)1£(r|01) ap — B]10) aD)

+ 1| R1)2¢|RO)15(a|01) ap — B|10) ap) — i|R1)2c|R1)1£(a|01) ap + 5]10) aD)

+110) g, |#|L0)2c|LOY1 £(c|10) ap + B]01) ap) — i|L0)2c|L1)1£(c|10) ap — B|01) ap)

+i|L1)2c|L0)1E(a|10) ap — B|01) ap) — i|L1)2c|L1)1£(a|10) Ap + B]01) aD)
+ |L0)2c|RO)1(|11) ap — B]00) ap) — |LO)2c|R1)1E(|11) ap + 5]00) aD)
+ |L1)2¢|RO)1£(|11) ap + B]00) ap) — |L1)2c|R1)1E(|11) ap — 5]00) aD)
— [RO0)2c|L0)1£(a[00) ap — B[11) AD) + |RO)2c|L1)15(|00) ap + B|11) aD)
— [R1)2c|L0)1£(a|00) ap + B[11) ap) + |R1)2c|L1)1£(|00) ap — B[11) aD)
+ i|R0)2c|RO)1£(|01) ap + B]10) ap) — i|RO)2c|R1)1£(r|01) ap — B]10) aD)

+i|R1)2¢|RO)15(|01) ap — B]10)ap) — i[R1)2¢|R1)15(af01) ap 4 B|10) aD)

= [11) BB, | = i|L0)2c|L0)1£(|00) ap — B[11)aD) + i|L0)2c|L1)1£(a|00)ap + B|11) aD)

—i|L1)2c|L0)1E(a|00) ap + B|11) ap) + i[L1)2c|L1)1£(|00) Ap — B]11) aD)
— [L0)2c|RO)1£(a|01) ap + B[10) aD) + [LO)2c|R1)1£(ct|01) ap — B]10) aD)
— |L1)2c|RO)1£(a01) ap — B|10)ap) + [L1)2c|R1)1E(|01) ap + B10) aD)
— |R0)2c|L0)1£(a[10) ap + B|01) ap) + [RO)2c|L1)1E(|10) ap — B|01) aD)
— |R1)2c|L0)1£(a[10) ap — B|01) ap) + [R1)2c|L1)1E(e|10) ap + B|01) aD)
+i|R0)2c|RO)1(a|11) ap — B]00) ap) — i|RO)2c|R1)1E(a|11) oD + B|00) AD)

+ i|R1>20|RO>1E(a|11>AD + 6|OO>AD) — i|R1>2(;|R1)1E(a|11>AD — ﬁ|OO>AD)] } (30)

To conclude the controlled teleportation of entangledcestane needs to measure of the two states of polarizatioe phibtons
F1 and F2 plus the control measurements (B and Bhe required appropriate rotations are displayed in€lgbl
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2C 1E | Control AD AO 2C 1E | Control AD AO
|L0)2c ||L0)1£|]00) BB, ||00)ap — B]11)ap | I® 0204 ||||L0)2c ||L0)1£[|10) BB, |@|10)ap + B|01)aD| 02 @ 0u
|L0)2c ||L1)1£]|00) BB, ||00)ap + B]11)ap| I® 0u |L0)2c ||L1)1£||10) BB, ||10)ap — 8]01) aD |0:02 @ 0u
|L1>QC |LO>1E |OO>}3B1 a|00 AD +B|11>AD I® o, |L1>QC |L0 1E |1O>BB1 a|10 AD — B|01>AD 0,02 Q O
1E |OO BB, a|00 AD 7ﬁ|11 Ap| I®o.04 |L1 20 |L1 1E |1O BB, a|10 AD +B|01 AD| Oz @ Oz
|L0Y2c [|RO)1£(|00) BB, |@|01) oD + B|10) aD I®l |L0Y2c [|RO)1£ [ |10) R, |@|11)aD — B|00)ap | 020 @1
|LO0Y2c [|R1)1£[|00) BB, |@|01)aD — B|10)ap| I® o |LOY2c ||R1)1E||10)BR, |@|11)aD + B|00)ap| 02 ®1

|L1)2c [|RO)1£[|00) BB, |@|01)aD — B|10)ap| I® o |L1)2c [|RO)1£ |10 BR, |@|11)aDp + B|00)ap| 02 ®1
|L1 20 |R1 1E |OO BB, a|01 AD +B|1O AD I®I |L1 20 |R1 1E |1O BB, a|11 AD 7ﬁ|00 AD| 0.0, R 1
D p|I®o0.0:

BB, |@|10)ap — B|01) ap |0.04 ® 04 ||||RO)2c || L1)1£|]10) BB, |@|00)aDp + B[11)ap| I® 0s

BB, |@|10)ap — B|01)ap |0.04 ® 04 ||||R1)2c || L0)1£|]10) BB, |@|00)aDp + B[11)ap| I® 0s

12(]00) BB, |@|10) ap + B|01)aD | 02 @ 0u ||||R1)2¢||L1)1£||10)BB, |@]|00)ap — B|11)aDp| I® 0.0,

1£(|00)BR, |a|11)ap — B|00)ap | 0202 QT ||||RO)2c||R0)1£||10)BB, |®|01) AD + 5]10)aD I®I

) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )
12|]100) BB, |@|10) ap + B]01) A Oz R Oy |R0)2c||L0)1£ ||10) BB, |@|00) ap — B]11) 4
) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )
) ) ) ) )

20||R1)1£([00) 55, |a[11)ap + B]00)ap| 0. ®1 ||[|R0O)2c||R1
12(]00) BB, |a|11) ap + B]00) ap| 0. @1 ||[|R1)2c||RO)1£|]|10)BB, |a|01)ap — B]10)ap| 0.®1
|R1)2¢ ||R1)1£(|00) BB, |@|11)ap — B|00)ap | 020 @ ||||R1)2¢c ||R1)1£||10) BB, |@|01)ADp + B]10) aD I®Il

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) )1e|10)BB, |@|01)ap — B|10)ap| o0.®1

) ) )

) ) )
[LO)2c | |LO0Y1£ ||01) BB, |@|10) aD + B|01) aD | 02 @ 00 ||||LO0)2c ||LO)1£ ||11) BB, |@]00)aD — B|11)aD| [® 0204

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

) ) )

|LO)2c || L1)1£||01) BB, |@|10)ap — B|01) ap |20 @ 02 ||| |LO)2c || L1)1k ||11) BB, |€|00)aD + B|11)ap| I® 0u
|L1)2c ||L0)1£||01) 5B, |a|10)ap — B01)aD |0:0: ® 0u ||| [L1)2c ||L0)1x |[11) BB, |@00)ap + B]11)ap| I® 0u
|L1)2c ||L1)1£(|01) 5B, [a|10)ap + B101)ap| 0x @ 0 ||[|L1)2c ||L1)1m |[11) BB, |@|00)ap — B]11)ap| [ ® 0204
|L0)2c ||R0)1£|]01) BB, |@|11)aD — B]00)ap | 0.0 @1 ||||LO)2¢c ||RO)1£ ||11) BB, ||01) D + B]10) aD I®Il
|L0)2c ||R1)1£||01) BB, |@|11)aD 4+ B]00) ap| 0z @1 |LO)2c ||R1)1£||11) BB, |€|01)ap — B]10)ap| I® 0.
|L1)2¢c ||RO)1£||01) BB, |@|11)aD 4+ B]00) ap| 0z @1 |L1)2¢ ||RO)1£||11) BB, |€|01)ap — B]10)ap| I® 0.
|L1>QC |R1>1E |01>BB1 a|11 AD —ﬂ|OO>AD 0.0, Q1 |L1>QC |R1 1E |11>BB1 a|01 AD +ﬂ|1O>AD I®I
|R0)2¢ | |L0)1£ |[01) BB, []00)ap — Bl11)ap | I® 0204 |||[RO)2c||L0)1k ||11) BB, |@]10)ap 4+ B01)aD| 02 ® 0
|RO)2c ||L1)1£ |[01) BB, []00)ap + B|11)ap| T® 0. ||||RO)oc||L1)1k |[11) BB, |a[10)ap — Bl01)ap |0:0: ® 0u
|R1)2c||L0)1£ |[01) BB, []00)ap + Bl11)ap| T® 0. ||||R1)2c||L0)1k |[11) BB, |a[10)ap — Bl01)ap |0:0: ® 0u
|R1)2c||L1)1£ |[01) BB, []00)ap — Bl11)ap | I® 0204 |||[R1)2c||L1)1k ||11) 5B, [@]10)ap 4+ B01)ap| 0z ® 0
|R0)2c | |R0Y1£||01) BB, ||01) AD + B]10)AD I®l |ROY2c | |ROY1£||11) BB,y ||11)aDp — B]00)AD | 0202 ®1

) )12(101) BB, |@|01)ap — B]10)ap| 0. ®1 |RO)2¢ ||R1)1£|11) BB, |@|11)aD + Bl00)aD| 0. ®1
|R1)2c||R0Y1£||01) BB, |€|01)aDp — B]10)aD| 0. ®1 |R1)2c||ROY1E||11) BB, ||11)aD + B]00)aD| 02 ®1
|R1>QC |R1>1E |01>BB1 a|01 AD +B|10>AD I®I |R1>QC |R1 1E |11>BB1 a|11 AD — B|OO>AD 0.0, Q1

TABLE VI. Possible results and rotations for completing tiemtrolled teleportation with two controls, correspordio casei). The first
column (2C) shows the possible results of measurementseostakes of atond’ and photor2. Second column refers to the Alice’s possible
results of measurements on photioand atomE. ColumnControl shows the state of controBB and B1. AD column does the same for the
teleported statel D. Fourth column AO) shows the corresponding Pauli matrices representingmyriperations on the atomic state required
to complete the teleportation process.

iii) Generalization the generalization of the controlled teleportation ofaegfled states can be done by using either a QWP
or a QWR in the lower branch (see Fig. 7) when the scheme is implerdersieag odd or even number of controls, respectively.

IV. CONCLUSIONS

In summary we presented three schemes to realize contteliggortation of atomic states via photonic Faraday roieti
in lossy optical cavities connected by optical fibers. Theesees only involve virtual excitations of the atoms and aers
low-Q cavities, ideal photodetectors, and fibers withosoaption. On the other hand, the practical experimentaéifigations
due to photon loss and inefficiency in the detectors turn tio¢opol as being probabilistic. In this respect, we canneste
the success probability of the scheme take into accounbgses mentioned above, based in Réf),[e.g., considering the
coupling and transmission of the photon through the singbele optical fiber given by’ = 0.2, the transmission of each
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photon through the other optical componentsiby= 0.95, the fraction of photons with the correct polarizatiph = 0.5,

the quantum efficiency of the single-photon detectoryas 0.15, AQ/47 = 0.02 as the solid angle of light collection, and
a single-photon rate by source given TikHz. So, we estimate the success probability of the CT of sagséition and CPT
asP = ppeu X Ty x T, X pr x n x AQ/4mw ~ 7.125 x 10~° (consideringpg.; = 0.25 as the probability of the ideal
Bell-state measurement without necessity of additionalians), which results in one successful controlled tettgtion event
every~ 0.19s. The same estimative is obtained for the preparation ofwlbeatoms entangled state. In the case of TC of
entanglement we have two fibers branches, two photon soanckisvo photodetectors. So, we estimate the success pliopabi
asP = ppen X |Tf x T, x pr x 1 x AQ/4m|? ~2.031 x 10~%, which results in one successful event every1min.
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