
ISSN 1054�660X, Laser Physics, 2010, Vol. 20, No. 3, pp. 700–708.
© Pleiades Publishing, Ltd., 2010.
Original Russian Text © Astro, Ltd., 2010.

700

1 1. INTRODUCTION

Superradiance (SR), first predicted by Dicke [1] in
1954 and first experimentally demonstrated near the
optical region in 1973 by Skribanowitz et al. [2], refers
to the collective spontaneous emission of an ensemble
of atoms. Since the phases of atoms cohere, multi�
atomic ensemble displays a macroscopic dipole
moment that is proportional to the number of atoms,
N. This gives rise to emission intensity proportional to
the square of the number of atoms, ~N2. This resem�
bles the intensity of overlap of N identical waves, all
have the same (or very close) phase. In a normal or
stimulated radiator N atoms radiate independently,
giving rise to intensity proportional to N. In order to be
able to observe the collective radiation, pumping time
must be smaller than the decoherence time (T2) [3] of
the atomic phases.

In SR, atomic coherence induces spontaneously
due to the interaction of all atoms with the common
radiation field; spontaneous emission field [4]. In
other collective phenomenon, such that free induc�
tion, photon echo and self�induced transparency [5,
6], intensity is also proportional to N2. The phasing
between the atoms, however, is established via the
coherent pumping of the atoms to the excited state.

SR occurs in many systems [7], from thermal gases
of excited atoms [8] and molecules [2], quantum dots
and quantum wires [9–11], to Rydberg gases [12], and
molecular nanomagnets [13]. On the other hand,
however, SR in an elongated Bose–Einstein conden�
sates (BECs) [14, 15] displays peculiar features. Due
to the cooperative nature of SR, condensate atoms

1 The article is published in the original.

(p = 0) are scattered into higher momentum states col�
lectively. And, because of the strong directionality of
the end�fire mode radiation, atoms are scattered
approximately to the same momentum mode. These
are called side modes. Furthermore, atoms are
recoiled to side modes phase consistently due to the
collectivity. When a side mode is sufficiently occupied
they also give rise to superradiant scattering and form
new side modes. The resulting picture, Fig. 1, is a fan�
like pattern of the side modes. This phenomenon, that
is observed only in BEC sample [14], is called the
sequential Superradiance.

After the demonstration of SR in BEC [14], serious
efforts have been directed towards the study of quan�
tum entanglement between condensed atoms and SR
light pulses [16–18]. Entanglement between atoms
through SR [9] is also studied. Possibility of quantum
teleportation in quantum dots via SR [9] is proposed as
a promising application.

Recently, SR was observed in the Kapitza–Dirac
regime [19] with short pulse pump scheme. Rather
than the fanlike pattern of longer pulse pump scheme
[14], momentum side modes display X�shaped pattern
in the Kapitza–Dirac regime. Backscattering of the
side modes are observable only in the short time inter�
vals, since energy is not conserved in the occupation of
these modes. It is predicted, in this regime, that SR
pulses must contain quantum entangled counter�
propagating photons from the end�fire modes [20].
The origin of the quantum entanglement is the four�
wave mixing of two atomic fields (forward and back�
ward scattered side modes) with the two photonic
fields (counter�propagating end�fire modes) [20]. The
predicted form of interaction, containing the terms of
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two�mode squeezing, suggests a continuous�variable
(CV) entanglement in between the end�fire modes.

Experimental demonstration of quantum telepor�
tation [21], via CV quantum entanglement of field
amplitudes of two pulses, aroused great interest over
the systems displaying CV correlations [22–25]. CV
entanglement is adopted for quantum cryptology [26]
as well as quantum computation [27–30]. Quantum
computation is based upon the transfer of the entan�
glement between photon�photon, atom�atom and
atom�photon pairs. The need for more durable entan�
glement drives the research on more correlated sys�
tems.

In this paper, we demonstrate the continuous�vari�
able (CV) quantum entanglement of the two end�fire
modes, during the sequential SR, even for a continuous�
wave pumped condensate [14]. The origins of the pho�
ton�photon entanglement within the fan�like pattern,
however, is quite different than the predicted one (four�
wave mixing) within the X�shaped pattern [19, 20].

The atom�photon entanglement generated in the
first sequence of SR is swapped into the photon�pho�
ton entanglement in the second sequence. This is
because; the side mode interacted with the rightward�
propagating end�fire mode in the first sequence, inter�
acts with the leftward�propagating end�fire mode in
the second sequence. In other words, counter�propa�
gating end�fire modes are entangled due to the inter�
action with the same side mode, at. different times. In
quantum information language, entanglement is swap
is a technique to entangle particles that never before
interacted [31–34]. We clearly identify the swapping
of the entanglement in between the two pairs (atom�
photon and photon�photon) in both of our analytical
and computational results.

Additionally, we investigate the photon number
correlation functions introduced in [35] and discussed
in [36, 37]. We test the existence of quantum correla�
tions via referring to the violation of Bell�type ine�
qualities [38–43]. We demonstrate that the behavior of
photon number correlations unparallels the CV entan�
glement.

The paper is organized as follows. In Section 2 we
give the outline of the full second quantized effective�
Hamiltonian for the present system. The details of the
derivation is available in [44, 45]. CV entanglement
criteria is discussed in Section 3, over which the con�
firmation of the existence of quantum correlations is
judged. In Section 4, we solve the effective Hamilto�
nian analytically, under parametric and steady state
approximations. We provide an intuitive argument, for
the entanglement swap mechanism, to explain how
such a Hamiltonian can generate EPR pairs out of
non�interacting photons. In Section 5, we present our
numerical results; the temporal dynamics of the
entanglement and the accompanying field and atomic
populations. This helps to illustrate the swapping of
atom�photon entanglement to the photon�photon
entanglement. In Section 6, we compare the dynamics
of the correlations in the photon number with the CV
entanglement. Section 7 contains our conclusions.

2. MODEL HAMILTONIAN

We consider an elongated condensate, of length L
and width W, axially symmetric about the long direc�
tion of the z�axis. The pump laser with frequency ω0 is
along the y�axis and linearly polarized in the x�axis
and detuned from the atomic resonance by Δ. Adia�
batically eliminating the atomic excited state while
keeping the pump laser quantum, not like in [46], an

Fig. 1. (Color online) A fan�like atomic side mode pattern up to second order sequential superradiant scattering.
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effective Hamiltonian in the Fock representation is
found to be

(1)

where ρq, q'(k) =  is the

structure factor for the condensate density, k0 =
(ω0/c) , and φ0(r) is unit normalized condensate wave

function  = 1.  is a unit vector in the y�

direction.  ( ) denotes the annihilation (creation)
operator for a scattered photon with wave vector k and
frequency ω(k) = c |k | – ω0. g(k) =

[c|k |d2/2��0(2π)3]1/2|  × | is the coefficient for atom�
field coupling [17] with d the magnitude of atomic

dipole moment.  ( ) is the atomic side mode anni�

hilation (creation) operator [46], and ωq = �|q |2/2m is
the side mode energy at a recoil momentum of q.

When L � W small angle Rayleigh scattering is
negligible [15]. The angular distribution of scattered
light becomes sharply peaked at the end�fire modes
(ke = ±ke ) if the Fresnel number � = W2/Lλ0 � 1 at
the pump wavelength λ0 [46], making it possible to
neglect all other scattered photon modes. We take into
account the first order forward side modes at q = k0 ±
ke and the second order side mode at q ≈ 2k0. The
resulting pattern for mode coupling, depicted in
Fig. 1, corresponds to what was observed for relatively
long pump durations [14]. The remaining side modes
are assumed unpopulated [47]. During sequential SR,
the emitted photons carry approximately the same

energy ω0 – ωR with ωR =  being the two�pho�
ton recoil frequency, and ke ≈ k0 due to energy and
momentum conservations. Thus, ω(ke) is insignificant
and will be neglected. The Hamiltonian (1) reduces to

(2)

with g ≡ g(ke), where we have adopted a shorthand
notation:  ≡ ,  ≡ ,  ≡ , and  =

.

This is the effective Hamiltonian governing the
dynamics of four atomic side modes and three photo�
nic modes. In the following sections we examine the
time evolution of the entanglement parameter λ(t) and
the corresponding population dynamics under the act
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ĉ2k0

of this Hamiltonian. In the next section, we briefly
review the CV entanglement and extend its criteria to
our case.

3. CONTINUOUS�VARIABLE 
ENTANGLEMENT CRITERIA

If the density matrix of a quantum system is insep�
arable within the two modes, then the total variance of

EPR�like operators,  =  +  and  = –

, satisfies the inequality  +  < (c2 +

1/c2) [36, 48–50]. Here,  = (  + )/  and

 = (  – )/  are the analogous position and
momentum operators, where indices corresponds to
the mode numbers. c is any real number. The total
variance of the operators are bounded below by the

Heisenberg uncertainty relation  +  ≥

|c2 – 1/c2 |.

We define the inseparability parameter λ(t) =

 +  – (c2 + 1/c2). When the quantum
state is inseparable, parameter becomes negative λ(t) <
0. Then the two modes are entangled. The value of c is
fixed to the one which minimizes λ. Finding only one
value of c that leads to λ < 0 is sufficient for the exist�
ence of entanglement.

Beside determining a state as being entangled,
however, it is not proven that within two λ < 0 states, the
more negative one is more entangled. Throughout the
paper, we use λ as a tool only to distinguish between
entangled and not entangled states, although its
behavior parallels the general expectation very well.

We keep the  and  terms during the time

evolution, unlike [36], since  and  do not
vanish for coherent state. Parameter may as well
expressed as

(3)

where c2 = [(  – )/(  –

)]1/2 and  are the annihilation operators for
counter�propagating end�fire modes. The sign of c is
determined from the expression

(4)

We note that, atom�photon entanglement can also be
tested using this criteria, by only making placements
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â+
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LASER PHYSICS  Vol. 20  No. 3  2010

QUANTUM ENTANGLEMENT VIA SUPERRADIANCE 703

The lower bound on λ is constrained by the
Heisenberg uncertainty as λlow = |c2 – 1/c2| – (c2 +
1/c2). Since time evolution of the two end�fire modes
are symmetric, c2 = 1 and λlow = –2. Thus, the corre�
lations are over the electric/magnetic fields (E/H) of
the two mode pulses (photons). When the atom�pho�
ton entanglement is to be considered, continuous�
variable is the atomic (bosonic) field strength.

Throughout the paper, we examine the time evolution
of the criterion parameter λ(t), and investigate regions of
negative λ for the existence of the entanglement.

4. MECHANISM OF ENTANGLEMENT SWAP

The detailed information about λ in our model sys�
tem can be found by examining quantum dynamics
that is based on a numerical approach as we show later.
Intuitively, the generation of EPR photon pairs can be
easily appreciated, based on the following argument.

Initial Times

During the initiation stage for short�time dynam�
ics, the atom number of the condensate mode can be

assumed undepleted. Taking  =  and  =

, the short time dynamics is governed by

(5)

â0 Me
iθ0 ĉ0

Ne
iφ1

Ĥ1 �χ1 e
iθ1 â+

† ĉ–
† â–

† ĉ+
†+( ) H.c.+[ ],–=

with χ1 = , and θ1 = θ0 + φ1. M stands for

the number of pump photons. This form of  is
exactly the same as that of two uncoupled OPAs and,
as such, allows for the growth of first�order side modes
as well as their entanglement with the end�lire modes
[46, 51].

We assume that all remaining quantum modes start

in vacuum states. With standard solutions for  [5],

(6)

(7)

we can compute analytically the entanglement param�
eters. The operators without time arguments are at the
initial time. CV entanglement parameters become

(8)

(9)

where subscripts “e,” “s” stand for the end�fire mode,
side�mode respectively. λ(t) shows that two end�fire
modes are not entangled in the initial stage. On the
other hand, end�fire modes become entangled with
the oppositely scattered side modes for |sinθ1| ≈ 1, or at
the pump laser phase θ0 ≈ π/2 – φ1. Also, other choices
of phases give entanglement but for shorter temporal
periods, thus illustrating the crucial role of the relative
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Fig. 2. The earlier and later times approximate behaviors of the entanglement parameters λse (between side mode and end�fire
mode) and λ (between two end�fire modes). Atom�photon entanglement λse(t) at initial times is swapped into photon�photon
entanglement λ(t) at later times.
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phase of the condensate. The initial behaviors of λ(t)
and λse(t) are plotted in Fig. 2.

Later Times

Under conditions for sequential SR, when the sec�
ond order side mode is populated at later times, re�
scattering dynamics is governed by

(10)

with χ2 =  and θ2 =  + φ2. Since the
steady state occupation for the second order side mode

c2 =  is substituted into the original Hamilto�
nian (2), H2 is obviously capable of entanglement
swap. The first order side mode q = k0 – ke, entangled
with the end�fire mode ke, interacts with the counter�
propagating end�fire mode –ke. As a result, the two
end�fire modes, that never before interacted, become
entangled.

To appreciate the swap mechanism in action, we
use the solutions of H1 (6, 7) as the initial state (at t =

t0) for dynamics due to H2 (10). The solutions of  in
the Heisenberg picture are

(11)

(12)

where t > t0, the operators without time arguments are
at t = t0, and Δt = t – t0. We determine the entangle�
ment parameters for later time to be

(13)

(14)

When |cos( )| � 1, λ(t) evolves from 2N down to the
minimum possible negative value of λlow = –2, at Δt =
π/4χ2. Later dynamics of λ(t) and λse(t) are plotted in
Fig. 2.

Thus, when H2 acts on correlated states of end�fire
modes and side modes, it is capable of swap entangle�
ment to the counter�propagating end�fire modes.

5. RESULTS AND DISCUSSION

For a more detailed and quantitative picture, we
present numerical results. The entanglement parame�
ter λ is determined by expectation values of both oper�
ators and their products. Using the Heisenberg equa�

Ĥ2 �χ2 e
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θ

tion of motion, the dynamics of two operator products
depend on four operator products, four operator prod�
ucts depend on six operator products, and so on. Such
a hierarchy of operator equations is difficult to manage
in general, and we will resort to a decorrelation
approximation that truncates it to a closed form. The
usual treatment of this sort for the SR system closes the
chain too early by a simple decorrelation of atomic
and optical operators, which is clearly inappropriate
when entanglement swap is to be studied. We therefore
adopt a decorrelation rule that factorizes condensate
and the second order side mode operators in operator
products, since quantum correlations between the
condensate and other modes are expected to be weak
due to its almost coherent�state�like nature and the
second order side mode is significantly populated only
at later stages of dynamics. Our approach makes it
possible to keep quantum correlations between the
end�fire modes and the intermediate side modes. The
hierarchy of equations is closed under  ≈

, with x, y ∈ {1, c
±
, , a

±
, } and z ∈ {c0, ,

c2, }. These equations are solved numerically for an
initial Fock state vacuum. The parameters, we used in
the simulations, are as in the experiment [14].

In Fig. 3, the temporal evolution of optical field
intensities and atomic side mode populations are plot�
ted. The figure is totally symmetric with respect to t =
tc = 0.055 ms. The peak in the intensity after tc is the
analog of the Chiao ringing [52] in the 4�mode situa�
tion. Such a complete ringing cannot be observed in
the experiments, due to the finite lifetime of the
excited levels, and decoherence.

Temporal evolution of the entanglement parame�
ters λee (photon�photon) and λse (atom�photon) are
plotted in Fig. 4, over the population dynamics,
depicted in Fig. 3. The lower panel of Fig. 4 demon�
strates the swap dynamics. The initial atom�photon
entanglement (λse) is seen to evolve continuously into
entanglement between the two end�fire modes (λ).
Both of the parameters λse and λ can reach down to the
lowest possible value, λlow = –2, that is the Heisenberg
uncertainty limit (as in the fourth section). The com�
plete numerical results match well with the analytic
solutions, depicted in Fig. 2, for the model Hamilto�
nians (5) at early times and (10) at later times.

We find that, in the time interval of t = 0–0.045 ms,
the system is dominated by the 1st sequence of SR.
The atomic condensate is pumped from zero�momen�
tum state |c0〉 initial state into the 1st order side modes
|c
±
〉. This is the reason for the overlap of n

±
(t) with I

±
(t)

during this interval. Due to the interaction between
the side modes and the end�fire modes, scattered into
opposite directions, they become CV entangled. Thus,
λse becomes negative in this region.

When the |c
±
〉 side modes become maximally occu�

pied at about t = 0.045 ms, the 1st sequence of SR is
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completed. At this time, these side modes are suffi�
ciently populated and they give rise to the 2nd
sequence of SR.

In the interval t = 0.045–0.055 ms atoms in the side
modes |c

±
〉 are pumped into the 2nd order side mode

|c2〉. The majority of the populations, however, oscil�
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lates back to the |c0〉 mode because of the more domi�
nant Rabi oscillation between the |c0〉 and |c

±
〉 modes.

Two other reasons also contribute to the repopulation
of the condensate mode: first, the neglect of the prop�
agational induced departure of the end�fire mode
photons from the atomic medium; and second, the
neglect of the other two 2nd order side modes

 for atoms to get into. Two end�fire modes get

indirectly coupled by the entanglement swapping and
between t = 0.045–0.055 ms λ(t) gradually becomes
negative.

At t = tc = 0.055 ms entanglement of the end�fire
modes arises, when the |c2〉 mode is maximally occu�
pied as depicted in Fig. 4. At t = tc, the minimum value
of λ is found to coincide with the maximum value of
n2(t).

However, due to our approximation which does not
include higher side modes, when t > tc we cannot study
any effects which could potentially give rise to higher
order correlations, such that the onset of the 3rd
sequence of SR. The oscillatory Chiao type ringing
revivals in the present result after t > tc mainly arise
from the exclusion of decoherence, dephasing, dissi�
pations, and the higher order side modes in the model
system. In the present work, we limited ourselves to a
particular side mode pattern as actually observed in
available experiments [14].

6. PHOTON NUMBER CORRELATIONS

We also investigate the photon number correla�
tions, beside the correlations in between the elec�
tric/magnetic fields. The Bell�type inequalities
exploring the quantum correlations among the photon
numbers of the two modes are derived in [35, 37] as

(15)

When |B(t)| > 2 Bell�type inequality is violated, point�
ing out the existence of nonlocal correlations among
the two subsystems. We evaluate B(t) in the parametric
and steady state approximations, discussed in the pre�
vious sections, and search for the possible photon
number correlations.

Initial Times

In the initial times, the time development of the
end�fire mode annihilation operators (t) are given
by Eq. (6). Inserting Eq. (6) into the expression for
B(t) in (15), we obtain a constant B�parameter
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â1

†
2

â1
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for the earlier time development. The evaluated sec�
ond order moments are

(17)

(18)

Later Times

In the later times, the time development of (t)
operators are obtained by substitution of (6) and (7)
into (11) as

(19)

where C1 ≡ cosh(χ1t0), S1 ≡ sinh(χ1t0) and C2 ≡
cos(χ2Δt), S2 ≡ sin(χ2Δt) shorthand notations are
adopted. Operators  and  are time independent.
Substitution of calculated moments

(20)

(21)

yields the B�parameter

(22)

at the later stage. Δ = t – t0 is again gives the elapsed

time after the second Hamiltonian  (10) is turned
on.

The time evolution of B(t), both in the initial and
the later times, is plotted in the bottom panel of Fig. 5.
We observe that photon number correlations never
establishes; B�parameter remains in the interval
|B(t)| < 2, which does not violate the positiveness of
classical probabilities.

In Fig. 5, also the behaviors of λ(t) and B(t) are
compared. The evolutions of λ(t) and B(t) are totally
different, except that sign of d2λ(t)/dt2 traces the sign
of dB(t)/dt that has no physical implication. Any par�
allelism between λ(t) and B(t) is already not expected
[36]. This is because; these two parameters refer to
correlations in between different types of observables.
λ judges the nonlocal correlations in between the elec�
tric/magnetic field observables of the two modes.
Where as, B(t) witnesses the correlations in the num�
ber of counted photons of the two modes.

The differences in between λ(t) and B(t) becomes
evident and more clear if the behavior of B(t) is inves�
tigated [35] under the two�mode squeezing Hamilto�

nian H = �(ξ*  + ). The evaluated

â±
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4
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† â–
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B�parameter, under this Hamiltonian, B(t) =

 starts the time evolution in the

photon number correlated state B(0) = , but
evolves to uncorrected state within the time 1/ξ. On
the other hand however, under the same Hamiltonian
and with the same initial state (Fock�state vacuum),

λ(t) starts from λ(t) = 0 (compare Eq. (14) and  in
Eq. (5)) and evolves to the more correlated state
λ = ⎯2.

7. CONCLUSIONS

Photon–photon entanglement between the
counter�propagating end�fire modes, of a sequentially
superradiant atomic Bose–Einstein condensate is
investigated. Atom–photon entanglement in between
the oppositely scattered end�fire mode and side mode
is also studied. The temporal evolution of the contin�
uous�variable entanglement witness parameter is cal�
culated for suitable realistic experimental parameters
in the CW�pump laser regime [14]. It is shown that;
EPR like correlations can be generated in between the
oppositely directed end�fire modes, even though they
do not interact directly.

Entanglement originates from a built�in swap
mechanism: The entanglement in between end�fire
mode and side mode, in the first sequence of SR, is
shown to be swapped into the entanglement between
the two counter�propagating end�fire modes, in the
second sequence.

In addition, a Bell�type inequality governing the
photon number correlations of the two end�fire modes
are also studied. We observe that, Bell�type inequality
is not violated for the photon number correlations.

2 2 1 ξt( )sinh
2

+

1 4 ξt( )sinh
2

+
�����������������������������–

2 2–

Ĥ1

ACKNOWLEDGMENTS

M.Ö.O. is supported by a TÜBA/GEB P grant and

TÜB TAK�KAR YER Grant no. 104T165.

REFERENCES

1. R. H. Dicke, Phys. Rev. 93, 99 (1954).
2. N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and

M. S. Feld, Phys. Rev. Lett. 30, 309 (1973).
3. M. Sargent, M. O. Scully, and W. E. Lamb, Laser Phys�

ics (Addison�Wesley, Reading, MA, 1974).
4. A. V. Andreev, V. I. Emel’yanov, and Y. A. Il’inskii,

Cooperative Effects in Optics: Superradiance and Phase
Transitions (Inst. of Physics, Bristol, 1993).

5. L. Mandel and E. Wolf, Optical Coherence and Quantum
Optics (Cambridge Univ., Cambridge, 1995).

6. M. O. Scully and M. S. Zubairy, Quantum Optics (Cam�
bridge Univ., Cambridge, 1997).

7. M. Gross and S. Haroche, Phys. Rep. 93, 301 (1982).
8. Q. H. F. Vrehen, H. M. J. Hikspoors, and H. M. Gibbs,

Phys. Rev. Lett. 38, 764 (1977).
9. j Y. N. Chen, D. S. Chuu, and T. Brandes, Phys. Rev.

Lett. 90, 166802 (2003).
10. Y. N. Chen, C. M. Li, D. S. Chuu, and T. Brandes, New

J. Phys. 7, 172 (2005).
11. A. Mitra, R. Vyas, and D. Erenso, Phys. Rev. A 76,

052317 (2007).
12. T. Wang, S. F. Yelin, R. Côté, E. E. Eyler, S. M. Faro�

oqi, P. L. Gould, M. Ko trun, D. Tong, and D. Vrin�
ceanu, Phys, Rev. A 75, 033802 (2007).

13. V. I. Yukalov, Laser Phys. 12, 1089 (2002); V. I. Yukalov,
and E. P. Yukalova, Laser Phys. Lett. 2, 302 (2005);
V. I. Yukalov, Phys. Rev. B 71, 184432 (2005);
V. I. Yukalov, Laser Phys. Lett. 2, 356 (2005); V. I. Yuka�
lov, V. K. Henner, and P. V. Kharebov, Phys. Rev. B 77,
134427 (2008); V. I. Yukalov, V. K. Henner, P. V. Khare�
bov, and E. P. Yukalova, Laser Phys. Lett. 5, 887 (2008).

I
·

I
·

I
·

s∨

λ/N (later)
λ/N (initial)

10

χ1t

λ
/N

8
6
4
2
0

−2

B(t) (later)
B(t) (initial)

0 2

0

−0.8
4 6 8 10 12

B
(t

)
−0.2

−0.4

−0.6

Fig. 5. The earlier and later times approximate behaviors of the entanglement parameters λ(t) (revealing correlations in the elec�
tric/magnetic fields) compared with the B(t) (revealing the photon number correlations of two modes). B(t) does not exhibit vio�
lation of the Bell�type inequality, such as |B(t)| > 2. And, as already expected, there exists no parallelism in between λ(t) and B(t).



708

LASER PHYSICS  Vol. 20  No. 3  2010

TASGIN et al.,

14. S. Inouye, A. P. Chikkatur, D. M. Stamper�Kurn,
J. Stenger, D. E. Pritchard, and W. Ketterle, Science
285, 571 (1999).

15. O. E. Mustecaplioglu and L. You, Phys. Rev. A 62,
063615 (2000).

16. M. G. Moore and P. Meystre, Phys. Rev. Lett. 85, 5026
(2000).

17. M. G. Moore, O. Zobay, and P. Meystre, Phys. Rev. A
60, 1491 (1999).

18. M. G. Moore and P. Meystre, Phys. Rev. A 59, R1754
(1999).

19. D. Schneble, Y. Torii, M. Boyd, E. W. Streed,
D. E. Pritchard, and W. Ketterle, Science 300, 475
(2003).

20. H. Pu, W. Zhang, and P. Meystre, Phys. Rev. Lett. 91,
150407 (2003).

21. A. Furusawa, J. L. Sorensen, S. L. Braunstein,
C. A. Fuchs, H. J. Kimble, and E. S. Polzik, Science
282, 706 (1998).

22. S. L. Braunstein and P. van Loock, Rev. Mod. Phys. 77,
513 (2005).

23. G. Adesso and F. Illuminati, J. Phys. A: Math. Theor.
40, 7821 (2007); G. Adesso and F. Illuminati, New J.
Phys. 8, 15 (2006).

24. E. G. Cavalcanti, C. J. Foster, M. D. Reid, and
P. D. Drummond, Phys. Rev. Lett. 99, 210405 (2007);
A. Salles, D. Cavalcanti, and A. Acin, Phys. Rev. Lett.
101, 040404 (2008); Q. Sun, H. Nha, and M. S. Zu�
bairy, Phys. Rev. A 80, 020101(R) (2009).

25. L. Praxmeyer, B.�G. Englert, and K. Wodkiewicz, Eur.
Phys. J. D 32, 227 (2005); L. Zhang, A. B. Uren,
R. Erdmann, K. A. ODonnell, C. Silberhorn, K. Ban�
aszek, and I. A. Walmsley, J. Mod. Opt. 54, 707 (2007);
Y.�X. Ping and Z. Cheng, Chin. Phys. Lett. 24, 609
(2007). 26. A. K. Ekert, Phys. Rev. Lett. 67, 661 (1991).

27. A. Barenco, D. Deutsch, and A. Ekert, Phys. Rev. Lett.
74, 4083 (1995).

28. S. L. Braunstein, Nature 394, 47 (1998).

29. S. Lloyd, Phys. Rev. Lett. 82, 1784 (1999).

30. A. S. Parkins, and H. J. Kimble, J. Opt. B: Quantum
Semiclass. Opt. 1, 496 (1999).

31. M. ukowski, A. Zeilinger, M. A. Horne, and
A. K. Ekert, Phys. Rev. Lett. 71, 4287 (1993).

32. C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa,
A. Peres, and W. K. Wootters, Phys. Rev. Lett. 70, 1895
(1993).

33. S. Bose, V. Vedral, and P. L. Knight, Phys. Rev. A 57,
822 (1998).

34. J.�W. Pan, D. Bouwmeester, H. Weinfurter, and
A. Zeilinger, Phys. Rev. Lett. 80, 3891 (1998).

35. M. D. Reid and D. F. Walls, Phys. Rev. A 34, 1260
(1986).

36. Y. Ping, B. Zhang, Z. Cheng, and Y. Zhang, Phys. Lett.
A 362, 128 (2007).

37. N. A. Ansari, Phys. Rev. A 55, 1639 (1997).
38. J. S. Bell, Physics 1, 195 (1965).
39. J. S. Bell, Foundation of Quantum Mechanics, Ed. by

B. d’Espagnat (Academic, New York, 1971), p. 171.
40. A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47,

777 (1935).
41. W. J. Munro, K. Nemoto and A. G. White, quant�

ph/0102119v2 (2001).
42. R. F. Werner and M. M. Wolf, quant�ph/0107093v2

(2001).
43. G. Gour, F. C. Khanna, A. Mann, and M. Revzen,

quant�ph/0308063v2 (2003).
44. M. E. Ta gin, M. Ö. Oktel, L. You, and Ö. E. Müsteca�

pho lu, Phys. Rev. A 79, 053603 (2009).
45. M. E. Ta gin, Quantum Entanglement and Light Propa�

gation through a Bose–Einstein Condensate, PhD Dis�
sertation (Bilkent Univ., 2009).

46. M. G. Moore and P. Meystre, Phys. Rev. Lett. 83, 5202
(1999).

47. O. Zobay and G. M. Nikolopoulos, Phys. Rev. A 73,
013620 (2006).

48. L. M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, Phys.
Rev. Lett. 84, 2722 (2000). 

49. A. Peres, Phys. Rev. Lett. 77, 1413 (1996).
50. R. F. Werner, Phys. Rev. A 40, 4277 (1989).
51. M. G. A. Paris, M. Cola, N. Piovella, and R. Bonifacio,

Opt. Commun. 227, 349 (2003).
52. D. C. Burnham, and R. Y. Chiao, Phys. Rev. 188, 667

(1969). 

Z
.

s,
g°

s,



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


