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It has been known that one reservoir of driven two-level atoms can establish two-mode interactions and
generate bipartite continuous-variable entangled light. Here we show that three-mode interactions can be created
by combining two such reservoirs, each of which interacts with two adjacent fields in frequency. It is shown that the
van Loock—Furusawa criteria [Phys. Rev. A 67, 052315 (2003)] are well satisfied for a wide range of the relevant
parameters. This determines that tripartite continuous-variable Greenberger-Horne-Zeilinger entanglement is
obtainable. The scalability to more fields is straightforward, allowing an alternative implementation of a

multipartite quantum networks with continuous variables.
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I. INTRODUCTION

Continuous-variable (CV) entanglement has great potential
in quantum networks and information processing [1]. Possible
applications range from quantum teleportation [2-6] to con-
trolled dense coding [7] and secret sharing [8]. The simplest
teleportation schemes rely on bipartite entanglement. How-
ever, more sophisticated protocols may require entanglement
of three parts or more [9-12]. Greenberger-Horne-Zeilinger
(GHZ) state is one of important types of genuine multiple
entanglement. In particular, the tripartite CV GHZ state
[13] is a three-mode momentum (position) eigenstate with
total momentum p; + p, + p3 = 0 (total position x| + x, +
x3 = 0) and relative positions x; — x; = 0 (relative momenta
pi—pj=0),i, j=1273,i# j, and exhibits maximum
entanglement. Experimental progress has been made by using
independent squeezed fields and beam splitters [9-12].

In the context of cavity quantum electrodynamics, the atom-
field interactions are fundamental mechanisms for creating
the multipartite entanglement without use of initially prepared
squeezing. Typically, there are the following three kinds of
related systems for the generation of two-mode CV entan-
glement: The first one is a two-photon-correlated emission
laser, where the laser gain and the quantum correlation are
established by combining Raman and electromagnetically
induced transparency (EIT) [14—18] interactions [19-21] in
lambda systems. For this case, CV entanglement is compatible
with large numbers of photons in the two modes. The second
kind of systems is to use dispersive interactions of atoms
with both the driving and cavity fields to create parametric
conversion [22,23]. In this way one can obtain a two-mode
squeeze operator and thus the Einstein-Podolsky-Rosen en-
tangled light [24]. The third kind of schemes is based on the
wave-mixing interactions in near-resonant systems. Typically,
two-level atoms are used for this purpose [25,26]. The new
photons are emitted into the cavity modes simultaneously
when the atoms absorb two photons from the strong driving
field. The frequencies of the cavity fields are determined by
Rabi resonances. The common essence in the three different
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kinds of systems mentioned above is the two-photon process,
which is responsible for the desired quantum correlations.

To obtain multipartite entanglement, it seems that one has to
resort to multilevel atomic systems [27-35], which are usually
driven by two or more strong fields. On the one hand, the strong
driving fields could cause cross couplings between adjacent
transitions in frequency. The cross couplings lead not only to
Stark shifts but also to remarkable phase damping [16,36].
This damping will spoil the desirable quantum correlations.
On the other hand, the dressed multilevel atomic systems
generally have closely spaced dressed states, which gives rise
to a difficulty in separating Rabi resonances. At the same
time, the coupling of the cavity fields to the adjacent dressed
transitions will play an opposite role in creating the desired
quantum correlations.

Here we propose an alternative scalable scheme for con-
current interactions and multipartite GHZ entanglement. In
the present work, we focus on the case where three cavity
fields interact with two atomic ensembles. Each ensemble
is only driven by one external field and is coupled to two
weak cavity fields of adjacent frequencies. By using the van
Loock—Furusawa [37] criteria we examine the three-mode
correlations. The results show that GHZ entanglement can
be achieved. The present scheme has the following three
advantages: First, GHZ entanglement is generated without
the use of the initial squeezed states. All field components
are amplified from the vacuum fields, unlike those that use
initially squeezed fields [9-12]. Second, each atomic ensemble
isdriven by a single driving field, and the cross couplings on the
adjacent transitions are greatly reduced. Last but not the least,
this scheme is more easily scalable to multimode systems.

The remaining parts of the present paper are organized as
follows: In Sec. I, we describe our model and derive the master
equation. In Sec. III, we calculate the correlations of the three
fields and examine whether tripartite entanglement criteria are
satisfied. In Sec. IV, we give realistic considerations of our
proposal. A summary is given in Sec. V.

II. MODEL AND MASTER EQUATION

Our scheme uses two ensembles of two-level atoms in an
optical cavity, as shown in Fig. 1. The atoms are cooled in a
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FIG. 1. (Color online) Possible cavity setsup. Two atomic ensem-
bles are respectively driven by two strong fields and three cavity fields
aj, a, and a; are generated.

standard magneto-optical trap [38,39]. Ensemble j consists of
N; atoms and is driven by one external field, j = 1,2. Three
cavity fields are generated, which are described by annihilation
and creation operators a; and a; , respectively, with [ = 1,2,3.
The fields a; and a3 are coupled to the two different atomic
ensembles 1 and 2, respectively, while the field a; is coupled
to both ensembles. The atoms in two different ensembles have
different but near-resonance frequencies. Figure 2 shows the
frequency positions of the atoms @; and @, the applied fields
w; and wy, and the cavity fields vy, v,, and vs3. In the rotating
wave approximation and in an appropriate rotating frame, we
derive the master equation for the density operator p of the
atom-field composite system as [40]

p= —;;[H,p] +Lp, (1)

with the Hamiltonian H = Hy + H;, where
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describes the interaction of the driving fields with the atoms,
and
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represents the interaction of the cavity fields with atoms.
Here H.c. is the Hermitian conjugate. For the p;th atom,
Uoi;sj = la),, (Bl (a,B = Oi 1) are the atomic spin-flip operators
when « # f and the projection operators when o = . The
quantity A; = @; — w; is the detuning between the atomic
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FIG. 2. (Color online) Frequencies of the atoms @; and ®,, the
applied fields w; and w;, the cavity fields vy, v,, and vs.

ensemble j and the driving field j, and A(Jrj) =V — W;j
(A(_J) = v; — w;) denotes the detuning between the applied
field j and the higher (lower) sideband. €2; is the Rabi

frequency and is assumed to be real. g(’ ) (g(;i )) is the coupling
strength between the atomic ensemble j and the higher
(lower) sideband. The decay term in Eq. (1) takes the form
Lp=Lyp+ L.p, where

2 N;
J/
= Z Z 5 Dlog/] (4)
j=1 :
denotes the atomic relaxation and
Sk
Lp=Y 2D 5
p=)_ 5 Dlalp )

=1

stands for the cavity loss. We have defined the superoperator
DIQlp =1Qp,0'1+1Q,p Q'] for an operator Q. y;» and
K123 represent the atomic spontaneous decay rates and the
cavity decay rates, respectively.

It becomes evident that, in the presence of only the atomic
ensemble 1, an atom absorbs two photons from the driving
field 1 and then emits two sideband photons, as shown
in Fig. 3(a). Through two-photon process, entanglement is
created between the two sidebands a; and a,. The case is
the same for the presence of only the atomic ensemble 2
[as shown Fig. 3(b)], and a, and a3 is entangled with each
other. At present, we combine the above two cases. The field
a, is coupled simultaneously to the two atomic ensembles.
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FIG. 3. (Color online) Atomic transitions due to the driving fields
and the cavity fields (a) for ensemble 1 and (b) for ensemble 2.
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It is expected that three cavity fields are correlated via the
concurrent interactions.

We diagonalize the Hamiltonian Hj for the interaction of the
driving fields with two atomic ensembles to show the resonant
interactions of the cavity fields with the atoms [41]. For the
Jjth atomic ensemble, the dressed states are obtained as

|+>] = S]|0> +Cj|1>ja
|[=); = ¢;l0);

(6)

—s;l1);,

where

are defined as the normalized detunings, with j =1,2.
The dressed-states |£); have eigenvalues 2P = %(Aj +d)),
respectively, where we have used the generalized Rabi frequen-

cies dj = \/ A% 4 Q7. Then the Hamiltonan (2) simplifies to

2 N;
— Z Z fl()»(])0++ + )\(1) I/-/ )’
J=1 =1

where oﬁj[ = |£),, (£]. We assume the driving fields to be
strong (d; > y;) and the cavity fields to be resonant with the
Rabi sidebands A = —AY = d; [42,43]. After applying a
unitary transformatlon U = exp(—i Hyt /) and neglecting the
rapidly oscillating factors exp(&id,t) and exp(£2id;t), we
rewrite the Hamiltonian for the interaction of the cavity fields
with the two atomic ensembles as

Z Z 710“’ g(])cza] gﬁf) f j+1) + H.c. 7

Jj=1pj=1

Correspondingly, the atomic damping term becomes

2 N;
Vi j j

L.,p = Z Z é{cﬁD[oi]p + s}‘D[oﬁ,]p

j=1 pj=1
+ 353Dl — o 1p}. (8)
We assume that the cavity relaxation times K,_l (1 =1,2,3)
are much larger than the atomic relaxation times y;” L=
1,2). Then we can work in the adiabatic approximation and
eliminate the atomic variables from the coupled system [40].
In the linear theory [40,43], the cavity fields do not change the
atomic populations The equation for the dressed populations

Pi = (I/N; )Z I (o4} is derived as
Pl =vy,s}P; —y;ci P}, )

together with the closure relation PJr + P, = 1. In the steady
state we have the dressed populatlons !

4 4

S C.
J 4 4° J 4 4
cj—l—sj cj—l—sj
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Finally the master equation for the cavity fields is obtained
as

3
> ilafp.ail + & + k)larp.al1}
=1
2
-3 > (xjj+1(lajp.ajnl + laj. pajs))
j=1
+ Xj+1ilajrip.a;]1+ [aj1.pa;D} +He., (1)

where the A; (I = 1,2,3) terms together with their Hermitian
conjugates indicate the gain to the cavity mode a; due to the
medium, the & terms together with their Hermitian conjugates
represent the absorption, and the x; ;41 and x;4+1,; (j = 1,2)
terms together with their Hermitian conjugates describe the
cross couplings between the cavity fields j and j + 1. These
parameters read

| =

A= clAT P

M = s{AT P + A, P
A3 = s5AT P,

£ =CclAT P,

£ = s{A P +SAS Py,
& =537 P,

Xi2 = cisiBi P/,

X21 = C1 231P1 ,

X23 = ¢35y By Py,
X2 = 353 B2 Py,
Ai _ 2|g(1)| er' 1’
B = 2g(1) (J)le-\j—l’

1 2

In what follows we will show that the cross-coupling terms are
responsible for tripartite entanglement.

(S8

III. FIELD CORRELATIONS AND INSEPARABILITY

Here we will demonstrate genuine tripartite entanglement in
our system. To do this we follow the standard techniques [44]
and calculate the correlation of the generated fields. Choosing

the normal order a;[, a;, a;[, ai, az, as, using the generalized P
representation [45], and defining the corresponding c-number

variables ocI, a;, ag, oy, o, oz, we derive the Langevin
equations from the master equation (11) as

& = Aoy + Xuai + Fy,,
)N(lzolf + szg + Fy,, (12)

a3 = Aoz — )?230!; + Fy,,

ay = Aoy —

together with those equations for ai, a;, and a; Here we
have used the parameters A; = %(Al —& —«) and ¥ =
%(Xjk — x&j) for conciseness, [, j,k = 1,2,3, j < k. The fluc-
tuating terms have the vanishing means (F,(¢#)) = 0 and the
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white noise correlations (Fy(¢)Fy(t')) = Dy,6(t —t'). The
nonvanishing diffusion coefficients are Dafa] =M\, D i

[e21e%) =
A2, Dy, = 23, Do, = 12 + x21), and Deye, = (23 +

x32), and Dy, = Dy, and Dyiyi = Diy. Arranging the field
variables together in the vector R = («y, o, o3, ai, oc;, oz;)T
and writing R = R — (R), we obtain the linearized Langevin

equations as
d
E(SR([) = —GOR(@) + F(1), (13)

where the drift matrix G can easily be obtained from Eq. (12).
The correlation matrix for the noise term (F()F'(t")) =
Dé§(t — t') is easily obtained from the above diffusion co-
efficients. The system reaches its steady state and is stable
when all of the eigenvalues of G have positive real parts.
The linearized Langevin equations (13) can be rewritten in
terms of the frequency spectrum, which is defined by § R(w) =
\/427 f dte” ' §R(t). Thus we can calculate the correlation

spectrum (§R(w)8R” (o)) = S(w)8(w + '), where
S(w) = (G —iwD) 'DGT +iwD)™". (14)

Here we are interested in the case where the density matrix
is not separable in any form, i.e., the tripartite CV GHZ-type
states. We use a set of conditions to investigate the presence
of entanglement in this system, which was put forward by
van Loock and Furusawa [37]. The guaranty of any two of
the following inequalities is sufficient to demonstrate true CV
tripartite entanglement:

Vie = ([8(x3 = X))+ ([8(v; + ¥2 + fi¥))]) < 4, (1)

where j,k,l =1,2,3 and j < k £ [. We have defined the

» i
position and momentum operators X = a™ + a,°" and Y =

—i(a™ — a}om) for the output fields a™, which relate to

the intracavity fields @; and the input fields a™ through the
relations [44]: a;" + a/" = \/k;a;. The factors f; are arbitrary
real numbers to minimize the variances in Eq. (15) and are
calculated as
(8Y98YP) +(8Y28Y)
ﬁ = — J 5 . (16)
((v°))

Here we use the vacuum inputs and derive the spectra of the
output fields V(). The required autocorrelation spectra and
cross-correlation spectra are, respectively,

((5X9)")@) = ((6Y?) ")) = 1 +x,{(6X,)*)@). (17)

and
(8X98XP) (@) = (1) H{8Y08YY)(w)
= Kij<(3Xj8Xk>(a)), (18)

where we have used the expressions (((SX?)Z)(w)S(a) +
o) = ((SX;’(a))SX;?(a)/)), (8X28 XN (w)d(w + ) =
(6X?(a))8X,‘j(w’)> (j,k=1,2,3;j #k), and the similar
expressions for the position operators X; = a; + a} of the
intracavity fields a;.

So far we get the measurable spectral quantities outside
the cavity V;i(w). Below, we present the following numerical
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results. We assume that gﬁr’) = g(_” =g, (j = 1,2) and rescale
the decay rates in units of y;. Cooperativity parameters are
defined as C; = |g;|*N;/y{. In Fig. 4 we plot the output
zero-frequency spectra V;;(0) as functions of the normalized
detuning §; for [Figs. 4(a) and 4(b)] 6, = £0.2, [Figs. 4(c) and
4(d)] 8, = £0.5, [Fig. 4(e)] 6, = 1, and [Fig. 4(f)] 6, = —2.
The other parameters are y; =y, = 1, k] =k = k3 = 0.1,
C| = C; = 20. We see from this figure that, for various values
of the normalized detuning §;, there are wide ranges of the
normalized detuning §; where at least two of the correlations
are below 4. Any two correlations falling below 4 are sufficient
for the occurrence of tripartite GHZ entanglement. Due to the
symmetry of the system, if we exchange 8, and —4§,, the curves
V12 and V,3 will interchange. In fact, Vi, = V3 at §; = —6;
is a signature of this feature.

In Fig. 5 we show the correlation spectra for different
parameters. For the sake of comparison we have taken Fig. 4(d)
as an example, which is replotted in Fig. 5(a). Figure 5(b) is for
different cooperativity parameters C; = 10, C, = 20, Fig. 5(c)
is for the different rates of atomic decay y; =1, y» =5,
and Fig. 5(d) is for different rates of cavity loss x; = 0.1,
ky = 0.15, k3 = 0.2. In Figs. 5(b)-5(d), the other parameters
are the same as in Fig. 5(a). We clearly see that the correlation
spectra are insensitive to various parameters. This means that
the above GHZ entanglement is achievable for a wide range
of parameters.

From the master equation (11) [or the Langevin equations
Egs. (12)], we can see that the above nonclassical correlations
are attributed to the cross couplings described by the yx
terms. These terms that cause the correlation (§a| (w)dor(—w))
((az(w)das(—w))) in Eq. (18) originate from the absorption
of two photons from the driving fields and the emission of
two sideband photons into the cavity fields. For the atomic
ensemble 1, an atom absorbs two photons from the driving
field 1 and then emits two sideband photons, as shown in
Fig. 3(a). Through a two-photon process, entanglement is
created between the two sidebands a; and a,. Similarly, for
the atomic ensemble 2 [as shown Fig. 3(b)], a, and a3 is
entangled with each other. Our case combines the above two
ensembles. The field a, is coupled simultaneously to the two
atomic ensembles. This plays a crucial role in the correlations
between the three modes a;, ay, and az. By virtue of the
connecting action of a,, quantum correlations between the
indirect-coupling cavity fields a; and a3 can also be established

[(Sal(w)éa;(—w)) # 0]. This determines the inseparability
of the cavity fields a; and a3. In a word, by the concurrent
interactions, three cavity fields become fully inseparable.

It is hard to give the exact conditions for the normalized
detunings §;, under which entanglement is existent. We can
make a rough estimate of the parameters for entanglement.
First, we note that no entanglement occurs when §; = 0 and/or
8, =0 (i.e., when either or both of the driving fields are
resonant with the atoms). When §; =0 (j = 1,2) we have
c? = sz = % PJ.Jr = Pj_ :j, which correspond to = —K—ZI,
Xi2=0for j=1and to A3 =—%, 3 =0 for j =2. We
see from Eq. (12) that, once on resonance, a; and/or a3 are
only damped by the vacuum reservoir but are not amplified by
any mechanism, let alone the cross coupling between a; and

a, and/or the coupling between a, and a3 [42,43]. Therefore,
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FIG. 4. (Color online) Output zero-frequency spectra V;;(0) as functions of normalized detuning 8, for [(a), (b)] §, = £0.2, [(¢), (d)]
8, = £0.5, (e) 6, = 1, and (f) §; = —2. The other parameters are listed in the text. Any two of the correlations falling below 4 are sufficient to

demonstrate that genuine tripartite entanglement is present.

tripartite entanglement appears only when the driving fields
are off resonance with the atomic transitions. Similarly, the
detunings are required for the related schemes, such as the
double lambda schemes [20,21], where no entanglement
occurs on exact double resonances, as was pointed out in
Ref. [21].

Second, the entanglement criteria are well satisfied for the
present scheme when the two normalized detunings §; and §,
have the oppositive signs. This is referred to as a characteristic
feature as above. In order to show this feature clearly, we
plot the output zero-frequency spectra Vi2(0), V»3(0), and
V13(0) in Fig. 6 for various ratios of the normalized detunings:
Fig. 6(a), 8, = —18;; Fig. 6(b), 8, = —18;; Fig. 6(c), &, =
—48,; Fig. 6(d), 6, = —24,; Fig. 6(e), § = —34;; and Fig. 6(f),
8, = —46,. Let us examine first the right wing (§; > 0). Any
two of these three curves dropping below 4 are sufficient for
tripartite GHZ entanglement. Indeed, for various cases, there
is a range where there are at least two curves falling below
4. For 6, = —§,, the curves Vi, and V,3 coincide and both

fall below 4 when §; > 0.1. As the ratio §,/3; deviates from
—1, the minimal value of §; for two correlations less than 4
rises slightly. For §, = —%8], both Vi3 and V,3 are less than

4 when §; > 0.5, and for §, = —%81, both Vi, and V3 are
reduced below 4 when &; > 1.16. For §, = —26§;, both V;,
and Vi3 descend below 4 when §; > 0.25. For 6, = —38; and
8, = —481, both V|5 and V53 are smaller than 4 when §; > 0.38
and §; > 0.55, respectively. For various cases, all correlations
approach 4 when &; is large (i.e., when §; approaches 4). This
is because the atom-field interactions become so weak for the
large detunings. Roughly, we have the range of the normalized
detunings for entanglement in the §; > 0 wing

-3 < 5_2 < _l

, < (81, — &) < 4, 19
N3 N3 71 S (6 2) S (19)

where 0.1 < z; < 1.16, and the parameter z; has the minimal
value 0.1 for §,/8; = —1, and becomes large as §,/3; deviates
from —1. Then let us turn to the left wing (§; < 0). We can
see a limited range where the curves Vi, and Vj3 fall below
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FIG. 5. (Color online) Output zero-frequency spectra V;(0) as
functions of normalized detuning §; for (a) the same parameters as in
Fig. 4(d), (b) different cooperativity parameters C; = 10, C; = 20,
(c) different atomic decay rates y; = 1, y» =5, and (d) different
cavity loss rates k; = 0.1, k; = 0.15, k3 = 0.2. In panels (b)—(d), the
other parameters are the same as in panel (a).

4. For §,/8; = —1, the curves Vi, and V3 are identical and
fall below 4 in the range of §; ~ (—1, — 0.1). As the ratio
82/81 deviates from —1, the range of §; for entanglement
becomes narrow. For §, = —%8 1 and 8, = —2§;, both Vi, and
Vo3 are less than 4 in the regions of §; ~ (—0.95, — 0.21) and
(—0.47, — 0.11), respectively. Roughly, we have the limited
range of the normalized detunings for entanglement in the
81 < 0 wing:
-2< = %2 < _l,
~ 5 2
where —1 < 7, £0.47, —0.21 < z3 < —0.1, and the param-
eter 7, (z3) has mlnlmal (max1mal) value —1 (—0.1) when
8,/8; = —1 and rises (falls) as 6,/8, deviates from —1.
Third, as a comparison, we find that the entanglement
criteria are not well satisfied when the normalized detunings
61 and &, have the same signs. In this case, we show the
output zero-frequency correlations in Fig. 7 for Fig. 7(a),
8 = 181; Fig. 7(b), & = 181; Fig. 7(c), 8, = 81; Fig. 7(d),
&, = 261; Fig. 7(e), 6, = 361; Fig. 7(f), 8, = 46,. This figure
shows that when 0 < §,/8; < 1, there is a narrow region in
the left wing where both V|, and V,3 are below 4. Such a
narrow region is transferred to the right wing when §,/8; > 1.
In both cases, however, either V,3 or Vi is just slightly below
4. This indicates that the entanglement criteria are not so well
satisfied even in such a narrow region when the normalized
detunings have the same signs. The remarkable difference has
its physical origin. We see from the middle equation of Eq. (12)
that the modes a; and a3 are coupled to the mode a, through the
cross-coupling coefficients — ¥, and j,3, respectively, where
the minus sign means an extra phase difference 7. When §;
and §, have the same signs, so do ¥, and j»3. This determines

22 S (81, — 8) S z3, (20)
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that the interactions of a; and a; with a, have the opposite
roles. It is not difficult to understand that the detunings of
the same signs are not so suitable for creating entanglement.
The case is reversed for the detunings of the opposite signs.
When §; and &, have the opposite signs, so do X2 and j»3,
which instead indicates that the fields a; and a3 are coupled to
a, with the same phase. By comparison, as a rough estimate,
Egs. (19) and (20) turn out to be good conditions for tripartite
GHZ entanglement in the present scheme.

IV. REALISTIC CONSIDERATIONS

So far we have shown the quantum correlations by
considering a zero-temperature environment and neglecting
the driving-field linewidths. At nonzero temperature the bath
has nonzero thermal photons. Then we should include the
effects of thermal photons [46]. The average number of thermal
photons of frequency wy is (wr) = [exp(hwr/kT) — 117,
where k is the Boltzmann constant and 7 is the thermal bath
temperature. At room temperature (7 = 300 K), A =~ 50 um
and wr & 6 x 10'> Hz correspond to fiwy / kT = 1. For wy >
6 x 10'2 Hz, fi(wy) — 0. For example, for A = 620.1 nm and
wr =27 x 4.838 x 10! Hz, we have hiwr ~ 2 eV, which is
much larger than the room temperature energy, kT ~ 1/40eV.
This corresponds to a negligible average number of thermal
photons 72 &~ ¢80 & 0. In this case the thermal reservoir has
a negligible effect. If wr is comparable to 6 x 10'> Hz, for
example, A = 2 x 10* nm and w7 = 27 x 1.5 x 103 Hz, we
have an average thermal photon number of 77 = 0.1. In such
a situation, the thermal reservoir effect has to be included.
According to the standard reservoir theory [46], we add to
Eq. (5) the additional term

3 _
Lip =Y T Dlalp + Dlaflp). @

=1

On the other hand, the applied driving fields usually have the
fluctuating phases, which correspond to finite bandwidths [40].
We assume @ ;(¢) to be the fluctuating phases associated with
Rabi frequenc1es ;. These fluctuations are characterized by
the random forces <I> j(t) = x;(t) with zero averages and the
white noise correlatlons [46]: (x;(®)) = 0and (x;()x; (")) =
¥p,8(t —t'), where yp, are the linewidths of the laser fields
;. In this case we add to Eq. (4) an additional atomic damping
term

2 Mo,
= Z Z T Doy —on' - (22)
j=1 =1

Using the unitary transformations in Eq. (6), we rewrite the
additional term as

> Z P2 {46352 (Dlo ) 1o + Dlo"}1p)

Jj=1 ;=1
—|—(c —s? ) Dlo}’, — o' 1p}. (23)

The equation for the dressed populations Pji is changed as

t = ysiP; —yic P 4 2yp,cis] (P — P, (24)
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FIG. 6. (Color online) Output zero-frequency spectra V;,(0) as functions of normalized detuning §; for (a) 6, = —%81, (b) &, = —%6.,

(c) 6, = =61, (d) 8, = =264, (e) 6, = —361, and (f) §, = —44;.

together with the closure relation Pj+ + P; = 1. Atthe steady
state we obtain the dressed populations
4 2.2
pr o ViSi+ 20,

RAGRE R 2

pr=—Y & 20,€555 (25)
b T, (4 4 4 2.2°
vile] + 1) + 4o, cjs]

Taking into account the change in the dressed populations
and changing the parameters in Eq. (11) as XA, — A; +
ki, & — & + iy (I =1,2,3) together with I'; — T'; +
vp,(c} +57) (j = 1,2), we obtain the master equation for the
cavity fields. Again we can follow the same steps as above
to give the correlations. For simplicity, we assume that the a;
modes have the same average thermal photon numbers 77; = 1,

and that the driving fields have the same linewidths yp, = yp.
The effects of the realistic factors on the quantum correlations
are presented in Figs. 8 and 9. Figure 8 shows the effects of the
thermal photons. The parameters are Fig. 8(a), 7 = 0; Fig. 8(b),
n = 0.05; Fig. 8(c), 7 = 0.1; and Fig. 8(d), n = 0.2. The other
parameters are yp = 0 and those as in Fig. 4(d). It is clear that
the thermal photons lead to significant reduction of correlation.
With increasing numbers of thermal photons, the correlation
spectra are further suppressed. However, even for n = 0.2,
we have good entanglement. In Fig. 9 we show the effects of
the driving-field linewidths for Fig. 9(a), yp = 0; Fig. 9(b),
yp = 0.25; Fig. 9(c), yp = 0.5; and Fig. 9(d), yp = 1. The
other parameters are 7 = 0 and those as in Fig. 4(d). Although
the linewidth varies from yp = 0 to yp = 1, the correlation
spectra are not significantly changed. It shows clearly that the
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FIG. 7. (Color online) Output zero-frequency spectra V;(0) as functions of normalized detuning 8, for (a) 8, = %81, (b) 6, = %81,

(¢) 82 = 81, (d) 82 = 261, () 82 = 36y, () 62 = 44;.

present scheme is robust against the thermal fluctuations and
laser linewidths.

For experimental realization, the present scheme is acces-
sible in alkali-metal atomic systems. In order to avoid the
Doppler effect and to resolve the fine levels we use two
ensembles of cold atoms [38,39]. As an example, we can
use ¥’Rb D2 transition hyperfine structure for the atomic
ensembles. We employ the |5S),2,F =2) <> [SP3, F' =2)
transition for the first ensemble, and the second ensemble
uses the [5S1/2, F = 2) <> |5P3, F' = 3) transition. The two
transitions are separated from each other by 267 MHz. Two
hyperfine levels |5P3/,, F’ = 1) and |5P;), F' = 0) lie below
the lower excited state by 157 and 229 MHz, respectively.
When A is far less than 157 MHz, the two adjacent levels are
far-off resonance and the additional Stark shifts are negligibly
small. Since |58 5, F = 1) isbelow |5S;2,F = 2) by 6.8 GHz
and |5P;, F' = 3) is 267 MHz above |5P3, F' =2), we
can use the transition [581,,,F = 1) <> |SP3;, F' =0) as a
repumping transition.

Finally, it is interesting to compare the present system
with the existing multilevel schemes, which are divided into
three kinds in the introduction paragraph. The essence in
common is to use the two-photon processes. The remarkable
difference between them lies in that the two-photon processes
are created in different circumstances. First, for the correlated
emission laser schemes [19-21], the two-photon process is
established by combining the EIT and Raman transitions in
lambda systems to form a loop of transitions. In the loop,
two cavity fields are in the two-photon interactions, which
occurs between the resonantly or near-resonantly coupled
atomic levels. By such arrangements, the atomic coherence
by the resonant or near-resonant driving is responsible for
both the laser gain and the quantum entanglement. Second, for
those schemes based on the parametric interactions [22,23], the
atoms are almost not excited and the field operators are isolated
from the atomic operators. Through a loop of transitions, the
involved cavity fields can be made to be in a two-photon
interaction. However, the susceptibility is weak due to the
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FIG. 8. (Color online) Output zero-frequency spectra V;(0) as
functions of normalized detuning §, for different numbers of thermal
photons: (a) 7 = 0.0, (b) 7 = 0.05, (c) 7 = 0.1, and (d) 7 = 0.2. The
other parameters are yp = 0 and those as in Fig. 4(d).

fact that all fields, including the driving and cavity fields, are
far off resonance with the atoms.

Our model belongs to the third kind of schemes, which
are based on the wave-mixing interactions in near-resonant
systems [27-35]. The common physics is to use the Rabi
resonances to create the two-photon interactions and the
quantum correlations between the cavity fields [42,43]. The

V(05

V0 FRIE
gzl Y
%
3f |
2 A
1 AN
(0)v,=0.5
-2 1 0 1 >

FIG. 9. (Color online) Output zero-frequency spectra V;;(0)
as functions of normalized detuning §; for different driving-field
linewidths: (a) yp = 0, (b) yp = 0.25,(c) yp = 0.5,and (d) yp = 1.
The other parameters are 7 = 0 and those as in Fig. 4(d).
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essential difference of the present scheme from the previous
ones lies in the structure of the dressed states [41]. Our system
involves two-level atoms, the dressed states of which are in
an infinite ladder of doublets. The dressed states of the same
doublet can be sufficiently separated simply by increasing the
driving-field amplitude and/or the atom-field detuning. The
classic example is the Mollow structure of the resonance
fluorescence spectrum [40-43]. The Rabi resonances are
separated simply by the generalized Rabi frequency. In sharp
comparison, the three-or-more-level systems have an infinite
cascade of triplets or more of dressed states. Within the
same multiplets, the dressed states generally are not equally
spaced unless all involved fields are resonant with respective
transitions. More often than not, there are two or more that
are closely spaced. In this case, the adjacent Rabi resonances
are not easily separated from each other. Such examples were
verified for the resonance fluorescence spectrum of an off-
resonantly driven multilevel atom [47—49]. For the close Rabi
resonances, it is difficult to choose and control frequencies of
the cavity fields. Once a cavity field is coupled to adjacent
dressed transitions, different transitions will play opposite
effects on the quantum correlations. Clearly, this increases
the difficulty in obtaining the desired quantum correlations.
The above comparison shows clearly that it is advantageous
to use a cascade of two-level atomic ensembles as in our
scheme.

Another advantage lies in that the frequencies of the cavity
fields can be controlled independently for the present two-level
scheme but not for the multilevel schemes. As is well known,
varying any driving field in multilevel systems will modify
eigenvalues of all dressed states. In other words, all Rabi
resonances change their frequencies so long as any driving
field is varied. As a consequence, the frequencies of all the
cavity fields from the Rabi resonances are modified due to
the change in any driving field. However, the case differs
completely for the the present scheme. Different ensembles
of atoms are separated from each other, each of which is
driven by a different driving field. When we change the
dressed states of one atomic ensemble, the dressed states of
another atomic ensemble can be kept unchanged. Therefore,
we can first fix the frequencies of the cavity fields a; and
ay as vy, = wy F/a+22 by controlling the first driving
field, and then adjust the frequency of the cavity field asz as
V3 = wp +4/A2+22 by varying the second driving field. This
can be generalized to more modes in the same way.

V. CONCLUSION

In summary, we have presented a scheme for three-mode
interactions and GHZ entanglement. This scheme involves
two atomic ensembles, each of which is driven by a single
driving field. The concurrent interactions are established since
the cavity field of the in-between frequency is simultaneously
coupled to the higher Rabi sideband of one ensemble and to the
lower Rabi sideband of the other. It has been shown that GHZ
entanglement is achievable for a wide range of parameters.
Such a scheme is straightforwardly scalable when more atomic
ensembles of close frequencies are included. This device can
be used as a useful multipartite entangled resource for the CV
quantum networks and information.
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