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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 parameters 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.
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I. INTRODUCTION

The reduction of quantum noise is one of the important
issues in quantum optics, laser physics, and nonlinear op-
tics since Caves et al. [1] first noted the possibilities of
manipulating quantum fluctuations with the aim of precision
measurement. Squeezing is defined, for an optical field, when
the fluctuations in a certain quadrature are reduced below
the vacuum level at the expense of increasing 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 experimental 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 resource for 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 (polarization)
squeezing was realized by employing Kerr nonlinearity in
optical fibers and with cold atomic ensemble in optical cavities
[12,13]. Recently, an effective and tunable 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 parameter 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 propose
a mechanism for it. The multimode squeezing is of particular
importance since it is closely correlated to the fully inseparable
multipartite states. Such multipartite inseparability is called the
genuine multipartite entanglement. This term refers to states
in which none of the parties can be separated from any other
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party in a mixture of product states. One of the important
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 momentum p; + p, + p3 = 0 (total posi-
tion x; + x, 4+ x3 = 0) and relative positions x; — x; = 0 (rel-
ative momenta p; — p; = 0), k,l = 1,2,3, k # [, and exhibits
maximum entanglement. Genuine multipartite entanglement
enables 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 quadratures 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 experimental research comes to the
four-mode case [20].

On the other hand, the atom-field interactions are funda-
mental mechanisms for creating the multipartite entanglement
without use of initially prepared squeezing. For the two-mode
case, by using an ensemble of coherently driven two-level
atoms one can generate CV entanglement [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 nonclassical correlation. To obtain multipartite entangle-
ment one turns to multilevel atomic systems [29-32], in which
atomic coherent effects are particularly important. 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 quantum control of photons [34-37], ampli-
fication and lasing without inversion [38—43], enhancement
of nonlinear optical 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 operator. We
exemplify three- and four-mode cases and derive the squeeze
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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 perfect squeezing are achievable. At the same
time one can obtain multipartite CV GHZ entangled states.
Physically, the atomic coherent effects [3,33] and parametric
interactions [27,28] combine to be responsible for squeezing
and entanglement. In principle, the present scheme is scalable
by including more transition channels. The remaining 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 entanglement 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 mechani-
cally. Two external driving fields of circular frequencies wy,»
are applied to the dipole-allowed transitions |0) — |1,2) with
Rabi frequencies Q;e'¥/ (j = 1,2), respectively, where Q;
are the real amplitudes and ; are the phases. Four sidebands
of circular frequencies v; are amplified as four cavity fields,
which are described by the annihilation and creation operators
a; and a,T (I =1 —4). 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 [3]

bz—%[H,p]Jrﬁp, (1)

a;
3

"y
ay

FIG. 1. (Color online) The possible setup for the creation of
GHZ entanglement of four cavity fields (denoted by the annihilation
operators a;_s).
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FIG. 2. (Color online) Level scheme for the interactions of two
driving fields (denoted by Rabi frequencies €2;,) and four cavity
fields with an atom in V configuration. A’s and §’s are the detunings,
which are defined in the text.

with the Hamiltonian H = H, + H;, where

2 N
Hy = Z Zh [Aja;j. + TJ(ew,fo(;; + etw.fgﬁ))} )
j=1 p=1
describes the interaction of the driving fields with the atoms,
and
2 N
Hy =) hojo(g2j-1a2j-17%7" + gajarje™ )
j=1 pu=1
+H.c., 3)

represents the interaction of the cavity fields with atoms. In
the above equations, 7 is the Planck constant and H.c. is
the Hermitian conjugate. For the wth atom, aj’fk = |j*) (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 —w; (j =1,2)
are the frequency detunings between the atoms wjo and the
driving fields. 51 =V —wi, 52 =V —wi, 83 = V3 — wy, and
84 = 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 + L.p, where

2 N
Lop =33 Zo[of]o o)

j=1 p=1
denotes the atomic relaxation, and
4

L.p= Z %D[m]p 4)

=1

stands for the cavity loss. We have defined the superoperator
D[Qlp = [0p,0 +[Q,p Q] for the atomic operators a4
and the fields operators g;. y; » denote the atomic spontaneous
decay rates and « » 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
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resonance with atomic bare-state transitions, and the cavity
fields are far off resonance with the dressed transitions by
the driving fields. To show the establishment of a multimode
squeeze operator we derive the time evolution of the four cavity
fields through the following four steps.

(1) We introduce two orthogonal coherent superposition
states of the two excited states [3]. For the Raman two-photon
resonance case A; = A, = A, these superposition states are
defined as

IT) = cos e V1|1) + sin peV2|2),

2) = —singe'2|1) + cos e’ |2),

where we have defined cos¢ = %, sin¢g = %, and the

effective Rabi frequency Q = v/ Q7 + Q3. The Hamiltonian
H)j is rewritten in terms of the superposition states as

N
Q
Hy=>"h I:A(UIMI +o3) + 5 (o7 + a{é)} )
n=1

It is seen Hamiltonian (7) that only the superposition state
|T) is coupled to the equivalent field with the effective Rabi
frequency ©, while the coherent superposition state |2) is
decoupled from the driving fields. This indicates 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 populate the excited states |1) and
|2). This is the very counterpart of CPT [3,33-37]. Here we
call the coherent effect the “coherent depopulation,” and the
coherent superposition state |2) the “dark state.” The physics
common to CPT and 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
depopulation case. Since the superposition state |2) is empty,
we can drop it in the following treatment.

(ii) We employ the dressed-atom approach [53]. By di-
agonalizing the Hamiltonian H,, we write the dressed states
in terms of the bare atomic state |0) and superposition state
[1) as

|[+) = sin@|0) + cos O|1),

s 3)
|—) = cosB|0) —sinb|1),

where tan(26) = %, 0 < 6 < 7. The dressed states |+) have

their eigenvalues AL = %(A + ), where we have used the
generalized Rabi frequency Q = +/ A2 + Q2. In terms of the
dressed atomic states, the Hamiltonian (7) is rewritten as Hy =
Yo (ol + A 0’), where oy = |£*)(£#|. Then the
damping term is written in the form

N

L= %{cos“ep[amp +sin* 0D[c"_1p
pn=1
+y cos? 0 sin” OD[ol, — o¥_]p}, 9)

where we have assumed y; = y, = y for simplicity. In what
follows we are interested in the dispersive interaction, for
which the cavity fields are far off resonance with the dressed
atomic transitions. In this case, the cavity fields do not change

PHYSICAL REVIEW A 85, 032329 (2012)

the atomic populations [27,28]. The equation for the expec-
tation values of the projection operators &;; = % Zﬁlz o)
(I = +,—) is derived as

dog i

T —ycost 06, + ysin*05__, (10)
together with the closure relation 6,4 +6__ = 1. At the
steady state we obtain the dressed populations

_ sin* @ B cos* 6
o6y =—————, 6._=—7-—"_ (11

~ cos*O +sin?0’ ~ cos?O +sint 6
The expectation value for the flip operator of the dressed atoms
o follows the following equation in the absence of the cavity

fields
do,_
dt

From this equation we obtain the expectation value for the

flip operator, which takes the oscillating decay from its initial

value 627 as

=i —y —2ycos’Osin?0)5,_. (12)

5o = 5_27€i5_2t7y(1+2c052051n2 9)1. (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] >> y).

(iii) We focus on the case where the driving and cavity
fields are far off resonance with the atoms. To investigate the
interaction of the cavity fields with the dressed atoms, we make
a unitary transformation exp(—i Hyt /) and transform into the
second interaction picture. The Hamiltonian is written in the
form

N
H = Zh[cosze(glal + g3a3)
n=1

— sin?0(gial + graD)lo!_ +He.  (14)

We tune the cavity fields such that §; = §3 < 0; §, = 84 >
0; 1811 > 181 + é215 (1AL 18, 1) > [IA] = 18Il > (Igiar)],v)-
This not only guarantees that the superposition state |2) is
decoupled from the cavity fields, but also that the cavity
fields are far off resonance with the dressed atomic transitions.
For A > Q,wehavecosf =1 + O(x?),sin@ = x + O(x?),
&__ =1+ 0(x*, where x = £. Similarly, for —A > Q,
we have sinf =14 O(x?), cosf = —x + O(x>), 644 =
1 4+ O(x*. This indicates that for the uth atom we can
take the populations ¢”_ =1 and o', =0 for A > Q, and
ol, =1and 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'_ = 0" ¢! ~¥'_ For the far
off resonance case, we can derive the effective Hamiltonian
as Hegr = —%Hl (1) f H,(t")dt’, where the indefinite integral is
evaluated at time # without a constant of integration [54]. When
186/ A] = 18;1)] > |gi|>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

Hegr = h(&f a1a0 + Eazar + Efyaras + E5yazas) + Hee.,
(15)
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where the cross coupling coefficients between the cavity fields
read

grgNQie

= (A= s Fiy)
S g;‘gE‘NQIQZei(W‘*‘/’z)
32 = N )

A|A[ =8, +iy) 16)
s _ ngjNQlﬁzei('ﬁ‘*‘”Z)
TN (A =+ iy)

GeN Qe
&34 =

C AN(A =8 +iy)

Hamiltonian (15) indicates the four simultaneous paramet-
ric processes: (i) |0) LN [1) BN |0) LN [1) BN |0),
i) 10) > (1) <2 10) <> 2) 25 (0), (i) [0) —>

1) =5 10) = 12) 5 j0), Gv) [0) > 2) = j0)
|2) N |0). The simultaneous occurrence of these processes
is due to the atomic coherent effect stated as in step (i). In
Eq. (16), we keep the atomic decay y although it is negligibly
small compared with the detuning difference |A| — ;. In the
following section, we will show that the atomic decay has a
negligible effect on the quantum correlations for the far off
resonance case, on which we focus.

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

S4 — esfzala2+8§2a3a2+sf4a1a4+s§4a3a4+H.c., (17)
where we have defined the squeezing parameters & = &7
(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
three-mode field

S3 — esfzalaz-&-a;‘zuwz-ﬁ-H.c.' (18)
Since such a multimode squeeze operator can be established,
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 examine the
dependence of the cross coupling strengths on the number 7 of
the transitions involved. When the / transition is driven by an
external coherent field with Rabi frequency €2;, the effective

Rabi frequency becomes © = I, Q7. To guarantee the
dispersive interactions, we must always take large detuning
|A| > 2, whatever positive integer n we are given. Instead,
the detuning difference |A| — 8, remains unchanged when the
cavity fields are properly tuned. In this case, the coupling
parameters &,;_1 o between the cavity modes a»;_; and ay

depend on the Rabi frequencies through the relation

3 AL (19)
2j—12k X =i =5
! Py 912
where j < k; j,k = 1,2, ...,n. For equal Rabi frequencies we

have a simple relation &;_ 5 %, which indicates that the
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coupling strengths decrease inversely proportionally with the
number 7 of the involved transitions.

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. To investigate the multimode correlations, we
first define the quadrature operators for each mode as

pr=—ila — a)), (20)

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

X =aq —i—aIT,

| n 1 n
X, =— x, Y,=— pi- (21)
Lt L

If the variances for certain quadratures have fluctuations below
the standard quantum limit one has n-mode squeezing. We
define the variances Vy, = ((6X,)?) and Vy, = ((8Y,,)?) for
operators X, and Y,, respectively. Squeezing occurs when
VX” < 1lor Vyn < 1.

We learn that for three cavity fields a; 5 3, two conditions
are sufficient to verify the CV GHZ entangled state [23]. These
two conditions are

Up =V +x2)+ V(p1 — p2 +h3p3) <4,
Uz =V(xa+x3)+ V(pa — p3 + hip1) < 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

Vi1 — Vo Vo3 — Vi3
= —7 h3 = —’

hy
Vi Vi3

(23)

where Vj; = %(<5pk3pz) + (8pidpx)). For four cavity fields,
there are three inequalities that are sufficient for the GHZ
entanglement [23]

Usg = V(xz +x4) + V(p3 — pa+ hip1 + hapa) < 4,

Uiy =V(x1 +x4)+V(p1 — pa+hapr +h3p3) <4, (24)

Uy = V(x2 +x3) + V(p2 — p3 + hip1 + haps) < 4,

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

Vaa(Via — Viz) — Via(Vag — V34)

= Vi — VitVas 7
hy = Va3(Via — Vag) — Vos(Vi3 — V34),
Vi — Voo Va3 25)
hy = Vo (Viz — V34) — Va3 (Vo — V24)’
VA — Van Va3
ha = Vii(Vag — Vag) — Via(Vip — V13).

Vi, — VitV

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

. i
Pc = _E[Heffspc] + Lepes (26)

where the effective Hamiltonian and the cavity damping are
given in Egs. (15) and (5), respectively. By means of the
generalized P representation of Drummond and Gardiner [55],
and from the master equation (26) we can derive the set of
Langevin equations. To do this, we choose a definite operator

order: aI,ag,a;,al,a4,a3,a2,al, and use the correspondences

between the c-numbers and the operators o; < a;,0] < a;

(I = 1-4). For the sake of simplicity we assume —i&y
(k=1,3;1 =2,4) to be positive, which is guaranteed by
manipulating the phase factors. Then we substitute &, for —i &y,
and match the standard notation for the two-mode case [56].
The set of Langevin equations are derived as follows

@) = ol — ko) + E1pa + Erqal + Fy, (1),
Gy = ay — Ky + Enal + Exnal + F, (1),
@3 = @ — i3 + 30 + Eaqa + Fi, (1),

ay = oy — ky0u + Eya + Exa + Fo, (),

27)

together with those for o] (I = 1-4). In the above equations,
oc,i“ are the average amplitudes for the input fields, and k; = 5.
Fy, (t) are the Langevin fluctuation forces and are assumed
to be & correlated, satisfying (Fy, (t)Fy, (")) = Do, 8(t — t').
The nonzero diffusion coefficients are Dy, o, = —&12, Dayo; =
_‘5_327 D(xla4 = _5147 and D0(30(4 = _534’ Da/ak = D(ka’ and
Dy = Daye,- By writing oy = (o) + Sy and describing to
first order the fluctuations in the field variables, we obtain the
linearized Langevin equations, which are given in a compact
form

%sxm — _BSX(1) + F(1), (28)

where § X (1) = (8o ,8012,80{3,30{4,805?‘,8&3,Sag‘,SaZ)T, F(t)=
(Fa» Foys Foy s Foy o For Fos For For)T, where the drift matrix
G can easily be obtained from Eq. (27). The correlation matrix
for the noise term (F(t)F7 (¢')) = D8(t — t')is easily obtained
from the above diffusion coefficients. 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
transformation éR(w) = \/427 f dte ' §R(t), we write the

correlation spectrum as (SR(w)SRT (o)) = S(w)d(w + '),
where S(w) is derived as

S(w)=(B—iwl) 'DBT +iwl)™", (29)

where [ is a unit matrix.

We present the measurable spectral quantities for the optical
fields outside the cavity. By Vx, (@), Vy, (@), and Ug(w)
we denote the output spectra for the correlations V(X,),
V(Y,), and Uy, respectively. We use the input-output relations
[2,56] ali“ +al°ut = /Kkja; and assume the coherent inputs.
Defining the correlation spectra (§0180,)(w)é(w + ') =
(8 01(w)8 Oy (")) for arbitrary two operators O and O,, we
relate the output spectra to the intracavity spectra through the
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w/K

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

relations

(8xp8x] )(w) = (=1 (8pP8p) (@)
= S + Kk (8x18x7) (w), (30)

where we have used the Kronecker delta function 8;; = 1 for
k =1, and otherwise §;; = 0.
In what follows we present the numerical results. The
s

cooperativity parameters are defined as C; = K—ﬁv which are

associated with the different modes a; (I = 1—43. As the first
step we assume that y is negligibly small compared with
the detuning |A| — §,. We rescale the decay rates, detunings,
Rabi frequencies, and Fourier frequency in units of a rate
parameter k MHz. The parameters are chosen as €2; = €2, and
%UM —8)7' =2 x 1073k ~!. 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 as mode. Plotted in Fig. 3 is the three-mode
correlation spectrum Vy,(w) for various values of cavity loss
rates and cooperativity parameters: (a) k123 = 0.5k, Cj 23 =
250; (b) «123=0.5«, C; =120, C, =400, C3 = 1200;
() k1 =05k, Kk =04«, k3=«, Cip3=2330; and
(d) k; =05k, kb =08k, k3 =04k, C; =40, C,=
800, C3 =400. It is seen that for various choices of pa-
rameters, the fluctuation spectrum drops below the standard
quantum limit 1. This means that the three-mode quadrature
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 Uj(w) and Uj3(w) for
(a) K123 = O.SK, C1,2!3 = 240; (b) K1,23 = 0.5/(, C1 = 50,
Cy =150, C3=550; (¢) k1 =05k, kp =025¢, k3=
k, C123 =400;and (d) k1 = 0.5, k» = 0.75¢, k3 =k, C; =
60, C, = 500, C3 = 30. For the identical cavity loss rates and
the identical cooperativity parameters [Fig. 4(a)], the curves
for the correlation spectra Ujy(w) and Uys(w) display the
same dip. In terms of correlation spectra, the criteria (22)
in the spectral form are well satisfied, which shows that GHZ
entanglement occurs for three cavity fields a; » 3. The criteria
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\\ ’r’ CIZSO

ol K, ,,=0.5k \\ ‘,’ 02:15()

U, (o) ¢, =240 ‘,\ C=550
@ T (b) ’

2 0 2 -2 0 >

w/k w/x

FIG. 4. (Color online) The correlation spectra Ui, (w) (solid line)
and U,3(w) (dashed line) for various cases of different parameters.

are also well satisfied for various cases of different parameters
[Figs. 4(b)—(d)].

Similarly, we show in Figs. 5 and 6 the exis-
tence of squeezing and GHZ entanglement for four
cavity fields. Plotted in Fig. 5 is the correlation
spectrum Vx,(w) for (a) k1234 =0.5¢, Ci234 =450;
(b) K1234 = 0.5/(, C] = 120, C2 = 60, C3 = 480, C4 = 600,
() k1 = 0.5k, ko = 0.6k, k3 = Kk, k4 = 0.75k, C1 23,4 = 300;
and (d) k; = 0.5«, Kk, = 0.9«, k3 = 0.6k, k4 = 0.45k, C; =
420, C, =90, C3 =180, C4 =720. We see that Vy,(w)
is reduced below the standard quantum limit 1, which
indicates the appearance of four-mode squeezing. For the

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

FIG. 6. (Color online) The correlation spectra Us4(w) (solid line),
U,4(w) (dashed line), and U,3(w) (dotted line) for various cases of
different parameters.

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 correla-
tion spectra Usq(w) (solid line), Uj4(w) (dashed line), and
U (w) (dotted line) for (a) x1234 = 0.5k, Cy23.4 = 200;
(b) K1,23,4 = 0.5/(, C1 = 60, C2 = 200, C3 = 40, C4 = 720,
(C) K1 = O.SK, Ky = 0.85K, K3 = 0.45K, K4 = 0.6/(, C1,2,3,4 =
180; and (d) x; =0.5«, k» =0.8x, k3 =0.45«, K4 =
0.6x, C; =40, C, =240, C3 =120, C4 = 560. It is clear
that for a wide range of parameters the criteria (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 position
to analyze the physical mechanism. We recall that coherently
driven two-level atoms can be used as a reservoir to gen-
erate two-mode CV entanglement [25,26]. The responsible
mechanism is based on the quantum correlations 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 driving field. In the large detuning
limit, the initial atomic population is not significantly changed,
and a parametric process based on the two-photon transition
is created. When only the modes a; , 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 quantum
interference between these two pathways [3,33-37]. Due to the
atomic coherent effects, the odd modes a; 3 and the even modes
a4 are in the simultaneous parametric 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 decay.
Now we turn to discussing the effects of the atomic decay on
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FIG. 7. (Color online) The four-mode correlation spectrum
Vx,(@w) for n =0 (solid line), n=0.25 (dashed line), and
n=0.5 (dotted line). The other parameters are taken from
Fig. 5(a).

the quantum correlations by exemplifying the four-mode case.
For the sake of convenience we define the ratio n = ﬁ,
where |A| — §; is the frequency detuning between the dressed
atomic resonance and the cavity mode. Fig. 7 gives the
four-mode correlation spectrum Vy, for n = 0 (solid line),
n = 0.25 (dashed line), and n = 0.5 (dotted line). 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) Uss(w), (i1) Ups(w), and
(iii) Uys(w) for n = 0 (solid line), n = 0.25 (dashed line),
and n = 0.5 (dotted line). The other parameters are the
same as in Fig. 6(b). 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 physical mechanisms that generate nonclassical light. The

UB(u))
4

@ (i) (iii)
2 0 2 2 0 2 2 0 2
w/K /K w/K

FIG. 8. (Color online) The correlation spectra (i) Us(w),
(ii) Uy4(w), and (iii) Up3(w) for n = 0 (solid line), n = 0.25 (dashed
line), and n = 0.5 (dotted line). The other parameters are taken from
Fig. 6(b).
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essential difference of the present scheme from the existing
ones is the simultaneous dispersive interactions through two
or more channels, between which quantum interference is
created. It is the quantum interference that plays a crucial
role in creating the nonclassical correlations between multiple
modes.

A great number of atomic structures can be used as candi-
dates for the present system. For example, for four modes, the
atom 3RbD is a candidate, in which we use [0) = [5Si)2, F =
2), |1) = |5Pyo, F = 3), and |2) = [5P3,,, 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). To avoid the Doppler effect one can use an
ensemble 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, k; = K
(l=14),and Q; = Q (j = 1,2). In this case we have equal
cross coupling coefficients, |§;_12| = § (j,k = 1,2). For the
dispersive interaction we can take parameters |A| — §; ~ 4y,

|A] ~ 25y, Q ~ Sy, we have % = 102CE, where C = £¥
y ok
is the cooperativity parameter. When the parameter C % is in

the order of ~10?, the cross coupling strength is in the order
of the cavity loss rate, £ ~ £. A comparison can be made
with the realistic cases with atomic ensembles [12—-14,60-65].
We use the atomic 8’Rb D, transition with decay rate y ~
2w x 5.4 MHz. For the cavity parameters we choose the
waist w ~ 35 um and homogeneous laser beams of width
d ~ 50 um, both of which correspond to an interaction
volume of ~ 107 cm?. The cavity loss rate takes a value of
& ~ 2w x 2.5 MHz. For a low density of ~10'? /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
coupling constant takes a value of g ~ 27 x 100 kHz. This
shows that the present scheme is experimentally accessible
within the current technology.

IV. CONCLUSION

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