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We propose a scalable scheme for a unitary multimode operator using an optical cavity with

an atomic ensemble.

We exemplify three-mode and four-mode cases and engineer the squeeze

operators that are decoupled from the atomic degrees of freedom. The squeeze parameter can
be large since they are proportional to the number of atoms. Using the input-output theory we
show that ideal squeezed states and perfect squeezing could be approached at the output. At
the same time, we show that it is possible to obtain tripartite and quadripartite Greenberger-
Horne-Zeilinger entangled states for continuous variables. The responsible mechanism for both the
multimode squeezing and the genuine multipartite entanglement is based on the atomic coherence
controlled parametric interactions. The scalability of the scheme is simply obtained by including

more transitions in the atomic system.

PACS numbers: 03.67.Bg, 42.50.Pq, 42.50.Dv, 32.80.Qk

I. INTRODUCTION

The reduction of quantum noise is one of the impor-
tant issues in quantum optics, laser physics and nonlinear
optics since Caves et al. [1] first noted the possibilities
of manipulating quantum fluctuations with the aim of
precision measurement. Squeezing is defined, for an op-
tical field, when the fluctuations in a certain quadrature
are reduced below the vacuum level at the expense of in-
creasing them in its canonically conjugate variable [2, 3].
Since then great effort has been paid to it. Either the
theoretical proposals have been presented or the experi-
mental implementations have been performed. Squeezing
can happen either for a single-mode quadrature or for a
two-mode quadrature [2, 3]. Of extreme importance is
the close correlation of the two-mode squeezing to the
continuous variable (CV) entanglement [4, 5], which is
the important resources for the quantum information and
quantum computation [6-8]. For example, by using the
entangled squeezed states of the electromagnetic field one
realized the CV teleportation [9-11]. The two-mode (po-
larization) squeezing was realized by employing Kerr non-
linearity in optical fibers and with cold atomic ensemble
in optical cavities [12, 13]. Recently, an effective and tun-
able field squeeze operator for a single-mode field or for
a two-mode field has been proposed by using an atomic
ensemble in an optical cavity [14]. The squeeze operator
acts on a cavity with an atomic ensemble but decouples
from the atomic degrees of freedom. The squeeze param-
eter is scaled up with the number of atoms present in the
interaction region.

However, to our knowledge, beyond the two-mode case,
the multimode squeeze operator [15, 16] has not yet been
proposed or realized for atomic systems. Here we pro-
pose a mechanism for it. The multimode squeezing is
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of the particular importance since it is closely corre-
lated to the fully inseparable multipartite states. Such
multipartite inseparability is called the genuine multi-
partite entanglement. This term refers to states, in
which none of the parties can be separated from any
other party in a mixture of product states. One of im-
portant types of genuine multipartite entanglement is
Greenberger-Horne-Zeilinger (GHZ) entanglement [17].
In particular, the tripartite CV GHZ state is a three-
mode momentum (position) eigenstate with total mo-
mentum p; +p2+ps = 0 (total position 21 + x5+ x5 = 0)
and relative positions zy — x; = 0 (relative momenta
pr—pi=0), k,l=1,2,3, k # [, and exhibits maximum
entanglement. Genuine multipartite entanglement en-
ables one to construct a quantum teleportation network
[18-20] or to perform controlled dense coding [21, 22].
Loock and Furusawa [23] presented experimental criteria
to detect genuine multipartite CV entanglement by using
variances of particular combinations of all the quadra-
tures involved. These combinations are measurable with
only a few simple homodyne detections. Experimental
preparation has been performed by using independent
squeezed fields and beam splitters [19-21]. So far exper-
imental research comes to the four-mode case [20].

On the other hand, the atom-field interactions are fun-
damental mechanisms for creating the multipartite en-
tanglement without use of initially prepared squeezing.
For the two-mode case, by using an ensemble of coher-
ently driven two-level atoms one can generate CV entan-
glement [24-26]. The atom absorbs two photons from
the strong driving field and emits two new photons at
a pair of Rabi sidebands into the cavity modes [27, 28].
Such a two-photon process is responsible for the non-
classical correlation. In order to obtain multipartite en-
tanglement one turns to multilevel atomic systems [29-
32], in which atomic coherent effects are particularly im-
portant. Among others is coherent population trapping
(CPT) [3, 33|, which has been intensively studied for it
sets up a basis for various coherence phenomena such



as electromagnetically induced transparency and quan-
tum control of photons [34-37], amplification and lasing
without inversion [38-43], enhancement of nonlinear op-
tical processes [44-47], and modifications of spontaneous
emission [48-52].

The purpose of the present paper is to use the atomic
coherent effects to engineer a multimode squeeze opera-
tor. We exemplify three- and four-mode cases and de-
rive the squeeze operators, which are decoupled from the
atomic degrees of freedom. The squeeze parameters can
be large since they are proportional to the number of
atoms. According to the relation between the input and
output fields, ideal multimode squeezed states and per-
fect squeezing are achievable. At the same time one can
obtain multipartite CV GHZ entangled states. Physi-
cally, the atomic coherent effects [3, 33] and parametric
interactions [27, 28] combine to be responsible for squeez-
ing and entanglement. In principle, the present scheme is
scalable by including more transition channels. The re-
maining part of the present paper is organized as follows.
In Sec. II, we present the model and derive the squeeze
operator for the four cavity fields. In Sec. III, we analyze
the quantum correlations and show the squeezing and en-
tanglement for three and four fields. The conclusion is
given in Sec. IV.

II. SQUEEZE OPERATORS FOR THREE OR
FOUR MODES

We consider an ensemble of N-independent atoms that
are placed in a four-mode optical cavity, as shown in Fig.
1. The interactions of the atoms with the driving fields
and the cavity fields are described in Fig. 2. The atom
has three levels, of which one is the ground state |0) and
the other two are excited states |1) and |2). As usual,
the driving fields are treated classically and the cavity
fields are treated quantum mechanically. Two external
driving fields of circular frequencies wi,2 are applied to
the dipole-allowed transitions |0) — |1,2) with Rabi fre-
quencies ;€™ (j = 1,2), respectively, where (; are the
real amplitudes and v; are the phases. Four sidebands of
circular frequencies v; are amplified as four cavity fields,
which are described by the annihilation and creation op-
erators a; and a} (I =1—4). In the rotating wave ap-
proximation and in an appropriate rotating frame, we
derive the master equation for the density operator p of
the atom-field composite system as [3]

T
pP=—7

= H.pl+ L, (1)

with the Hamiltonian H = Hy + H;, where

2 N
Q; iy, it
Hy =3 b0l + S eV +ciot)l, (2)

j=1p=1

FIG. 1: (Color online) The possible setup for the creation
of GHZ entanglement of four cavity fields (denoted by the
annihilation operators ai—4).

10)

FIG. 2: (Color online) Level scheme for the interactions of
two driving fields (denoted by Rabi frequencies €21,2) and four
cavity fields with an atom in V configuration. A’s and §’s are
the detunings, which are defined in the text.

describes the interaction of the driving fields with the
atoms, and

2 N
Hy = Y > holy(gaj-1azj-17"%71" 4 gajasje™ ")
Jj=1p=1
+H.c., (3)

represents the interaction of the cavity fields with atoms.
In the above equations, h is the Planck constant and H.c.
is the Hermitian conjugate. For the pth atom, afk =
|[7#Y (k"] (j,k = 0,1,2) are the projection operators for
j = k and the spin-flip operator for j # k. g; are the
strengths for the atom-cavity field couplings. A; = wjo—
wj (j = 1,2) are the frequency detunings between the
atoms wjg and the driving fields. 6 = v — wq, 02 =



Vo — w1, 03 = V3 —we, and §4 = v4 — wy are the frequency
detunings between the cavity fields and the driving fields.
The decay term in Eq. (1) takes the form Lp = L,p+Lcp,
where

2 N
i
Lop=3" UDiotlp ()
Jj=1p=1

denotes the atomic relaxation, and

Lep=_ S Dlailp, (5)

=1

stands for the cavity loss. We have defined the superoper-
ator D[Q]p = [Qp, QT]+[Q, pQT] for the atomic operators
agj and the fields operators a;. 71,2 denote the atomic
spontaneous decay rates and k1 2,3 4 represent the cavity
decay rates.

Here we are interested in the dispersive interaction
case, where both the driving fields and the cavity fields
are far off resonance with atomic bare-state transitions,
and the cavity fields are far off resonance with the dressed
transitions by the driving fields. In order to show the es-
tablishment of a multimode squeeze operator we derive
the time evolution of the four cavity fields through the
following four steps.

(i) We introduce two orthogonal coherent superposi-
tion states of the two excited states [3]. For the Raman
two-photon resonance case A; = Ay = A, these super-
position states are defined as

IT) = cosge ™1[1) + sin ge ™ ¥2[2),
12) = —sinpe™2[1) + cos pe'¥1[2), (6)
Q)

where we have defined cos¢ = “5-, sing = %, and the

effective Rabi frequency Q = /Q% + Q3. The Hamilto-
nian Hj is rewritten in terms of the superposition states
as

Hy = Z h[A(ot: + k) + %(Ugi +aoi )l (7

It is seen Hamiltonian (7) that only the superposition
state |1) is coupled to the equivalent field with the effec-
tive Rabi frequency €2, while the coherent superposition
state |2) is decoupled from the driving fields. This in-
dicates that the superposition state |2) is not populated
due to the destructive interference although there are two
bare atomic transitions |0) — |1) and |0) — |2) to popu-
late the excited states |1) and |2). This is the very coun-
terpart of CPT [3, 33-37]. Here we call the coherent effect
the “coherent de-population”; and the coherent superpo-
sition state |2) the “dark state”. The physics common
to CPT and de-depopulation is destructive interference
between excitation transitions. The essential difference
lies between them. All population is in the dark state
for CPT case, while no population is in the dark state

for the coherent de-population case. Since the superpo-
sition state |2) is empty, we can drop it in the following
treatment.

(ii) We employ the dressed-atom approach [53]. By
diagonalizing the Hamiltonian Hy, we write the dressed
states in terms of the bare atomic state |0) and superpo-
sition state |1) as

[+) sin 0]0) 4 cos §|1),
|-) = cosf|0) —sinf|1), (8)

where tan(20) = £, 0 < § < Z. The dressed states |+)
have their eigenvalues Ay = Z(A + (), where we have
used the generalized Rabi frequency Q = VA2 + Q2. In
terms of the dressed atomic states, the Hamiltonian (7)
is rewritten as Hy = Zgzl()\+oi+ + A_o”_), where
oy = |+#)(+#]. Then the damping term is written in
the form

N
Lop = Z %{0054 0D[o" ]p +sin 0D[o! _]p
p=1

+7cos® @sin® 0D[o" | — ¥ _]p}, 9)

where we have assumed 73 = 2 = ~ for simplicity. In
what follows we are interested in the dispersive interac-
tion, for which the cavity fields are far off resonance with
the dressed atomic transitions. In this case, the cavity
fields do not change the atomic populations [27, 28]. The
equation for the expectation values of the projection op-
erators oy = & ij:l<dﬁ> (I = 4, —) is derived as

6
Ud—?_ = —vycos? 05, +ysin*b5__, (10)
together with the closure relation 644 +a__ = 1. At
the steady state we obtain the dressed populations
. 4 4
0 0
&++:Sln7 577:L (11)

cost 0 + sin 6’ cos* @ +sin 6’

The expectation value for the flip operator of the dressed
atoms &4 follows the following equation in the absence
of the cavity fields

oy _
dt

= (i + v + 2y cos? Osin? )7, _. (12)

From this equation we obtain the expectation value for
the flip operator, which takes the oscillating decay from
its initial value 63_ as
Gy = 5_3_€i(lt7’y(1+2 cos? 6 sin? H)t. (13)
For the far-off resonance case we will consider, the atomic
decay is negligibly small compared with the generalized
Rabi frequency, i.e., Q = |A| > ~.
(iii) We focus on the case where the driving and cav-
ity fields are far off resonance with the atoms. In or-
der to investigate the interaction of the cavity fields with



the dressed atoms, we make a unitary transformation
exp(—iHot/h) and transform into the second interaction
picture. The Hamiltonian is written in the form

N
Z hlcos® 0(g1a1 + gsas)

p=1
—sin? 0(g3ad + gZaZ)]017 +He.. (14)

Hy =

We tune the cavity fields such that §; = d3 < 0; 3 = 64 >
0; [61] > |61 4025 (|1A], 165]) > [|A] = |ok]| > (Igi{ar)], 7)-
This not only guarantees that the superposition state |§)
is decoupled from the cavity fields, but also that the cav-
ity fields are far off resonance with the dressed atomic
transitions. For A > Q, we have cosf = 1 + O(x?),
sinf = x + O(x%), 6-— = 1+ O(x*), where x = .
Similarly, for —A > Q, we have sinf = 1 + O(x?),
cos = —x+0(x?), 54+ = 1+0(x*). This indicates that
for the pth atom we can take the populations o _ =1
and o/, = 0 for A > Q, and o/, =1 and o”_ =0
for —A > Q. At the same time, the expectation value
for the flip operator of the dressed atom shows its time
dependence o _ = o 7. For the far off reso-
nance case We can derive the effective Hamiltonian as
Hepy = —+Hq(t) [ Hi(t')dt’, where the indefinite inte-
gral is evaluated at time t Without a constant of integra-
tion [54]. When |§,(|A] — [6:])] > |¢1|*> N is satisfied the
Stark shift of the dressed atoms due to the cavity fields
is negligibly small. After discarding the fast oscillating
terms, we obtain the effective Hamiltonian

Hepp = h(laa1a2 + E3pa3a2 + E1garas + §34a30a4)
+H.c., (15)

where the cross coupling coefficients between the cavity
fields read

9igs NQje*
Sz = A2([A[= 62+ i7)
9595 N Q1 Qpel(Vrtv2)
Soz = A2(|A]= 65 + i)
gngNQIQQei(wierfz)
b1 = A2(|A[ = 65 + iv)
fu = LN (10

A2(JA] = 6o + i)

Hamiltonian (15) indicates the four simultaneous para—
metric processes: () |O) Loy 2 |0> L1y 2 |0),
() [0) = 1) = 0) = [2) = ), (i) 0} =5
1) 5 0) =2 [2) <5 J0), (iv) [0) 2 |2) 2 J0) =2

|2) 4 ]0). The simultaneous occurrence of these pro-
cesses is due to the atomic coherent effect stated as in
step (i). In Eq. (16), we keep the atomic decay v al-
though it is negligibly small compared with the detuning
difference |A| — d2. In the following section, we will show

that the atomic decay has a negligible effect on the quan-
tum correlations for the far off resonance case, on which
we focus.

(iv) After performing the above three steps and deriv-
ing the effective Hamiltonian, we obtain a time evolution,
which yields a 4-mode squeeze operator [15, 16]

54 _ eaizal az+es,azaztelarastesazas+H.c. , (17)

where we have defined the squeezing parameters e =
i&yT (k= 1,3;1 = 2,4), and 7 is the time. For given
evolution time 7, the squeeze parameters €;; can take
large values since they are proportional to the number of
atoms N. In the absence of any one of four modes (for
example, when there is no cavity resonance for a4), we
can obtain a squeeze operator for 3-mode field

Sy = 65I2a1a2+5§2a3a2+H.c.' (18)

Since such a multimode squeeze operator can be estab-
lished, a multimode field initially in its vacuum state will
evolve into a squeezed state.

It is straight to generalize to more modes by including
more transitions in the present scheme. We can exam-
ine the dependence of the cross coupling strengths on
the number n of the transitions involved. When the I-
transition is driven by an external coherent field with
Rabi frequency €2, the effective Rabi frequency becomes
Q=/> -, Q% In order to guarantee the dispersive in-
teractions, we must always take large detuning |A| > Q,
whatever positive integer n we are given. Instead, the de-
tuning difference |A| — d2 remains unchanged when the
cavity fields are properly tuned. In this case, the coupling
parameters {z;_1,2r between the cavity modes as;_1 and
ask depend on the Rabi frequencies through the relation

Q;Qy

§2j—1,2k X , (19)
. 2 QQ
where j < k; j,k = 1,2,--- ,n. For equal Rabi fre-
quencies we have a simple relation &z;_1,21 %, which
indicates that the coupling strengths decrease inversely-
proportionally with the number n of the involved transi-
tions.

III. GHZ ENTANGLEMENT FOR THREE OR
FOUR PARTIES

In the following section, we exemplify three and four
modes and show that ideal squeezed states and perfect
squeezing could be approached at the output port. At
the same time, we show that tripartite and quadripartite
GHZ entangled states can be obtainable. In order to
investigate the multimode correlations, we first define the
quadrature operators for each mode as
—i(a —af), (20)

m=m+d, P =



such that [z; ,p;] = 2i, I = 1 — 4. Then the quadrature
operators for n > 3 modes can be defined as

1 & 1 —
Xn = = Ty, Yn = = Di- (21)
VP VP

If the variances for certain quadratures have fluctua-
tions below the standard quantum limit one has n-mode
squeezing. We define the variances Vx, = ((6X,,)?) and
Vy,, = ((0Y,)?) for operators X,, and Y,,, respectively.
Squeezing occurs when Vx, <1or Vy, <1.

We learn that for three cavity fields a2 3, two condi-
tions are sufficient to verify the CV GHZ entangled state
[23]. These two conditions are

Uia =V (z1 4+ x2) + V(p1 — p2 + haps) < 4,
U = V(xa 4+ x3) + V(p2 — p3 + hap1) < 4, (22)
where h; (I = 1,3) are arbitrary real parameters that

are used to optimize the correlations. The optimization
parameters are obtained by minimizing the variances as

:V31—V21 h3:V23—V13

h
! Vi Va3

(23)

where Vi = $((6prdpi)+ (6pidp)). For four cavity fields,
there are three inequalities that are sufficient for the GHZ
entanglement [23]

Usqg = V(23 +4) + V(p3 — pa + hap1 + hap2) < 4,

Us = V(x1 + x4) + V(p1 — pa + hapz + haps) < 4,

Uz = V(w2 4+ x3) + V(p2 — p3 + hip1 + haps) < 4,
(24)

where the optimization parameters h; (I = 1 — 4) are
derived as

_ Via(Viz — Viz) — Via(Vag — Vay)

& VE — ViV ’
hy = Vag(Via — Vou) — Voz(Vig — V34)
V2 — Voo Vs ’
hy = Voo (Viz — Va4) — Vag(Viz — Vau)
VZ — Voo Vs ’
hy = Vi1 (Vag — Vaq) — Vi (Vig — V13)' (25)

V2 — Vi1V

For the present system, since the cavity fields are de-
coupled from the atomic degrees of freedom, we have the
master equation for the reduced density operator p. of
the cavity fields

. 7
Pec = _E[Heffa pe] + Lepe, (26)

where the effective Hamiltonian and the cavity damp-
ing are given in Eq. (15) and Eq. (5), respectively.
By means of the generalized P representation of Drum-
mond and Gardiner [55], and from the master equa-
tion (26) we can derive the set of Langevin equa-
tions. To do this, we choose a definite operator order:

a{,ag,a;al,azl,ag,ag,al, and use the correspondences
between the c-numbers and the operators: a; <+ a;, o] <
azr (I = 1—4). For the sake of simplicity we assume —iy;
(k = 1,3;1 = 2,4) to be positive, which is guaranteed
by manipulating the phase factors. Then we substitute
&k for —i&g; and match the standard notation for the
two-mode case [56]. The set of Langevin equations are
derived as follows

d1 = af" — Kiay + &0l + Euaad + Fo, (1),

Qo = ay' — Kyag + £1207 + &30 + Fo, (1),

ds = ay' — khas + 3205 + Eaaa) + Fo, (1),
(

dy = of" — Ky + E1405 + Ea0h + Fo, (1), (27)

together with those for «f (I = 1 —4). In the above
equations, o™ are the average amplitudes for the in-
put fields, and x; = 5. Fy,(t) are the Langevin fluc-
tuation forces and are assumed to be & correlated, sat-
isfying (F,, (t)Fa, (t")) = Da,0,0(t — t'). The nonzero
diffusion coeflicients are Dy, 0y = —€12, Dayas = —E32,
Da1a4 = _5147 and Da3a4 = _534; Dalak = Dakalv and
Da:ar = Daya,- By writing a; = (aq) + 8y and describ-
ing to first order the fluctuations in the field variables,
we obtain the linearized Langevin equations, which are
given in a compact form

%5}(@) — _BIX(t) + F(t), (28)

where §X (t) = (daq,dag,das, day, das, Sas, da, da) T,
F(t) = (Fay, Fay, Fag, Fays Fa: Fag, Faz, Faz)T, where
the drift matrix G can easily be obtained from Eq. (27).
The correlation matrix for the noise term (F(t)FT (') =
Dé(t—t') is easily obtained from the above diffusion coef-
ficients. The system reaches its steady state and is stable
when all of the eigenvalues of G have positive real parts.
The linearized Langevin equations (28) can be rewritten
in the spectral form. Defining the Fourier transforma-
tion dR(w) = \/% [ dte”™*§R(t), we write the correla-
tion spectrum as (§R(w)dRT (w')) = S(w)d(w+w’), where
S(w) is derived as

S(w) = (B —iwl)"'D(BT +iwl)™t, (29)

where I is a unit matrix.

We present the measurable spectral quantities for the
optical fields outside the cavity. By Vx, (w), Vy, (w), and
Ui (w) we denote the output spectra for the correlations
V(X,), V(Y,,), and Uy, respectively. We use the input-
output relations [2, 56] a" + af"* = \/kja; and assume
the coherent inputs. Defining the correlation spectra
(001602)(w)d(w + w') = (601 (w)d02(w")) for arbitrary
two operators O and O3, we relate the output spectra
to the intracavity spectra through the relations

(6af027)(w) = (=1 (0pRopf)(w) (30)
= O + M<5Ik5xl>(w),

where we have used Kronecker delta function d,; = 1 for
k =1, and otherwise dx; = 0.



FIG. 3: (Color online) The three-mode correlation spectrum
Vx,(w) for various parameters as in the text.

FIG. 4: (Color online) The correlation spectra Uiz (w) (solid)
and Uss (w) (dashed) for various cases of different parameters.

In what follows we present the numerical results. The
2
cooperativity parameters are defined as C; = % N, which

’{2
are associated with the different modes a; (I = 1- 4). As
the first step we assume that v is negligibly small com-
pared with the detuning |A| — d3. We rescale the decay
rates, detunings, Rabi frequencies, and Fourier frequency
in units of a rate parameter kK MHz. The parameters are
chosen as Q; = Qs and X—Z(|A| —d) t=2x1073x"1,
We first give the numerical results for the three-mode
case, which are obtained simply by removing any one of
four modes. For definiteness we remove the ay mode.
Plotted in Fig. 3 is the three-mode correlation spec-
trum Vi, (w) for various values of cavity loss rates and
cooperativity parameters: (a) k12,3 = 0.5k, C1,2,3 = 250;
(b) R1,2,3 = 0.511701 = 120,02 = 400,03 = 1200, (C)
k1 = 0.5k,k2 = 04kK,k3 = K,C123 = 330; and (d)
R1 = 0.5%, Ro = 0.81%, R3 = 0.4%, Cl = 40, Cg = 800, Cg =

FIG. 5: (Color online) The four-mode correlation spectrum
Vx,(w) for various parameters as in the text.

U, ()
s
””” 125, ,=0.5x
ol ' { {’ C|.2,3.4:300
U, (0) i
(a)
1 . .
2 0 2

/K /K

FIG. 6: (Color online) The correlation spectra Us4(w) (solid),
Ui4(w) (dashed), and Ua3(w) (dotted) for various cases of dif-
ferent parameters.

400. Tt is seen that for various choices of parameters,
the fluctuation spectrum drops below the standard quan-
tum limit 1. This means that the three-mode quadra-
ture X3 has the reduced fluctuations. For a certain
case (e.g., (b)), the fluctuations are reduced to the zero
level, which shows the ideal squeezed states and perfect
squeezing. In Fig. 4 we plot the two correlation spectra
Ulz(w) and U23(w) for (a) R1,2,3 = 0.51%, 0172)3 = 240;
(b) R1,2,3 = 0.51%, Cl = 50,02 = 150,03 = 550; (C)
k1 = 0.5k,k2 = 0.25k,k3 = K,C123 = 400; and (d)
K1 = 0.5/1,/%2 = 0.75/1,/%3 = Ii,Cl = 60,02 = 500,03 =
30. For the identical cavity loss rates and the identical
cooperativity parameters (Fig. 4(a)), the curves for the
correlation spectra Uia(w) and Uss(w) display the same
dip. In terms of correlation spectra, the criteria (22)
in the spectral form are well satisfied, which shows that



FIG. 7: (Color online) The four-mode correlation spectrum
Vx,(w) for n = 0 (solid), n» = 0.25 (dashed) and n = 0.5
(dotted). The other parameters are taken from Fig. 5(a).

GHZ entanglement occurs for three cavity fields a; 2 3.
The criteria are also well satisfied for various cases of
different parameters (Fig. 4(b-d)).

Similarly, we show in Fig. 5 and Fig. 6 the existence of
squeezing and GHZ entanglement for four cavity fields.
Plotted in Fig. 5 is the correlation spectrum Vx, (w) for
(a) R1,2,34 = 0.51%, 01)273)4 = 450; (b) R1,2,34 = 0.51%,
Cl = 120,02 = 60, 03 = 480,04 = 600, (C) R1 =
0.5117 R2 = 0.6/%, R3 = K,Rq4 = 0.75/%, 01127314 = 300,
and (d) k1 = 0.5k,k2 = 0.9k, k3 = 0.6k, k4 = 0.45k,
Cy = 420,C5 = 90,C3 = 180,C4 = 720. We see that
Vx,(w) is reduced below the standard quantum limit 1,
which indicates the appearance of four-mode squeezing.
For the symmetrical case of parameters as in Fig. 5(a),
the dip drops to zero, which corresponds to the perfect
squeezing and ideal squeezed states. Shown in Fig. 6 are
the correlation spectra Usy(w) (solid), Uyg(w) (dashed),
and U23(w) (dotted) for (a) R1,2,3,4 = 0.5%, 0172)374 = 200;
(b) KR1,2,34 = 0.5/%, Cl = 60,02 = 200,03 = 40,04 =
720; (¢) kK1 = 0.5k,k2 = 0.85k,k3 = 0.45K,Kkq4 =
0.6r,C4 2,34 = 180; and (d) K1 = 0.5k, k2 = 0.8k, K3 =
0.45k, kg = 0.6k, C7; = 40, Cy = 240, Cs = 120, Cy = 560.
It is clear that for a wide range of parameters the crite-
ria (24) in the spectral form are met, which indicates the
existence of GHZ entangled state for four cavity fields.

After performing the numerical results we are in a po-
sition to analyze the physical mechanism. We recall that
coherently driven two-level atoms can be used as a reser-
voir to generate two-mode CV entanglement[25, 26]. The
responsible mechanism is based on the quantum correla-
tions of a pair of sideband photons [27, 28]. The upper
and lower sideband photons are generated simultaneously
when the atoms absorb two photons from the strong driv-
ing field. In the large detuning limit, the initial atomic
population is not significantly changed, and a paramet-
ric process based on the two-photon transition is created.
When only the modes a2 are present, Eq. (17) reduces
to a two-mode squeeze operator. Such a mechanism holds
for the case where there are only the modes a3 4. When
both channels are involved for a;_4 modes, we have quan-

tum interference between these two pathways [3, 33-37].
Due to the atomic coherent effects, the odd modes a3
and the even modes as 4 are in the simultaneous paramet-
ric interactions, which determines the four-mode squeeze
operator. By including more transitions, we can achieve
the squeeze operators for more modes.

So far we have neglected the atomic spontaneous de-
cay. Now we turn to discussing the effects of the atomic
decay on the quantum correlations by exemplifying the
four-mode case. For the sake of convenience we define the
ratio n = IA\+52’ where |A| — §5 is the frequency detun-
ing between the dressed atomic resonance and the cavity
mode. Fig. 7 gives the four-mode correlation spectrum
Vx, for n = 0 (solid), n = 0.25 (dashed) and n = 0.5 (dot-
ted). The other parameters are the same as for the curve
(a) in Fig. 5. We see that the correlation spectrum is
almost kept unchanged although the decay rate changes
so much. Plotted in Fig. 8 are the correlation spectra
(i) Usa(w), (ii) Ura(w), and (iii) Usz(w) for n = 0 (solid),
17 = 0.25 (dashed), and n = 0.5 (dotted). The other pa-
rameters are the same as in (b) of Fig. 6. It is clear that
the correlation spectra are not significantly influenced.
Physically, all fields are far off resonance with atomic
transitions, including the dressed transitions. It means
that the spectra of the cavity fields locate beyond the
spontaneous emission spectrum of the atoms. This is the
very advantage of using dispersive interactions as physi-
cal mechanisms that generate nonclassical light. The es-
sential difference of the present scheme from the existing
ones is the simultaneous dispersive interactions through
two or more channels, between which quantum interfer-
ence is created. It is the quantum interference that plays
a crucial role in creating the nonclassical correlations be-
tween multiple modes.

A great number of atomic structures can be used as
candidates for the present system. For example, for
four modes, the atom 37Rb is a candidate, in which we
use |O> = |5Sl/2,F = 2>, |1> = |5P1/2,F = 3> and
|2) = [5P3/9, F = 3). The two transitions in the V'
configuration are well separated from each other by the
D, line (794.8 nm) and the D line (780.0 nm). In or-
der to avoid the Doppler effect one can use an ensem-
ble of cold atoms, which are prepared a magneto optical
trap [12, 13, 57-59]. A rough estimate of the coupling
strengths can be made by considering a particular case,
g =g ki =kK(l=1-4),and Q; =Q (j = 1,2).
In this case we have equal cross coupling coefficients,
|€2i—1,26] = & (j,k = 1,2). For the dispersive interac-
tion we can take parameters |A| — dg ~ 47, |A] ~ 257,

Q ~ 57, we have % = 10*205, where €' = 2N is the

E/2
cooperativity parameter. When the parameter C % is in
the order of ~ 102, the cross coupling strength is in the
order of the cavity loss rate, { ~ k. A comparison can be
made with the realistic cases with atomic ensembles [12—
14, 60-65]. We use the atomic 3’Rb Dj transition with
decay rate v ~ 27 x 5.4 MHz. For the cavity parameters
we choose the waist w ~ 35 ym and homogeneous laser
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FIG. 8: (Color online) The correlation spectra (i) Us4(w), (ii) Ur4(w), and (iii) Uz3(w) for n = 0 (solid), n = 0.25 (dashed) and
1n = 0.5 (dotted). The other parameters are taken from (b) of Fig. 6.

beams of width d ~ 50 pm, both of which correspond to
an interaction volume of ~ 10~7 ecm?®. The cavity loss
rate takes a value of K ~ 27 x 2.5 MHz. For a low den-
sity of ~ 10'2/cm?®, which is small enough to prevent
coherence losses due to collisions, we have N ~ 10%. For
the above parameters, the coupling constant is required
such that g ~ 27 x 37 kHz, which is quite loose condition
for the coupling strength. In comparison, a realistic cou-
pling constant takes a value of g ~ 2w x 100 kHz. This
shows that the present scheme is experimentally accessi-
ble within the current technology.

IV. CONCLUSION

In conclusion, by exemplifying four cavity fields we
have shown that multimode squeeze operators are ob-

tainable by using atomic coherent effects in a three-level
V system. Due to the atomic coherent effects, multiple
parametric processes occur simultaneously. The squeeze
parameters are large since they are proportional to the
number of the involved atoms. This squeeze operator
creates multimode squeezed states and multipartite CV
GHZ entangled states. The numerical results for the
correlation spectra at the output are given for the cases
of three and four fields.
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