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We study theoretically and experimentally the quantum properties of a type-II frequency-degenerate optical
parametric oscillator below threshold with a quarter-wave plate inserted inside the cavity which induces a
linear coupling between the orthogonally polarized signal and idler fields. This original device provides a good
insight into general properties of two-mode Gaussian states, illustrated in terms of the covariance matrix. We
report on the experimental generation of a two-mode squeezed vacuum on nonorthogonal quadratures depend-
ing on the plate angle. After a simple operation, the entanglement is maximized and put into standard form, i.e.,
quantum correlations and anticorrelations on orthogonal quadratures. A half sum of squeezed variances as low
as 0.33±0.02, well below the unit limit for inseparability, is obtained and the entanglement measured by the
entropy of formation.
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I. INTRODUCTION

The dynamic and promising field of quantum information
with continuous variables aroused a lot of interest and a large
number of protocols has been proposed and implementedf1g.
Continuous variable entanglement plays a central role and
constitutes the basic requisite of most of these developments.
Such a resource can be generated by mixing on a beam split-
ter two independent squeezed beams produced for instance
by type-I optical parametric amplifiersf2,3g or by the Kerr
effect in a fiberf4g. The use of a light field interacting with a
cloud of cold atoms in a cavity has also been recently re-
portedf5g. Another way is to use a type-II optical parametric
operatorsOPOd below threshold—with vacuumf6,7g or co-
herent injectionf8g—which directly provides orthogonally
polarized entangled beams.

We propose here to explore the quantum properties of an
original device—called a “self-phase-locked OPO”—which
consists of a type-II OPO with a quarter-wave plate inserted
inside the cavityf9g. The plate, which can be rotated relative
to the principal axis of the crystal, adds a linear coupling
between the orthogonally polarized signal and idler fields. It
has been shown that such a device above threshold opens the
possibility of producing frequency-degenerate bright
Einstein-Podolsky-RosensEPRd beams thanks to the phase
locking resulting from the linear coupling induced by the
rotated platef10,11g. Such a device can also be operated
below threshold and exhibits a very rich quantum behavior.
The paper is devoted to this below-threshold regime from a
theoretical and experimental point of view. The properties
are interpreted in terms of the covariance matrix and give an
interesting insight into the nonclassical properties of two-
mode Gaussian states, such as squeezing, entanglement, and
their respective links. The strongest EPR entanglement to
date, to the best of our knowledge, is then reported.

The paper is organized as follows. In Sec. II, we describe
the quantum state generated by a self-phase-locked type-II
OPO below threshold. The correlated quadratures and the
amount of entanglement depend on the angle of the wave
plate. Different regimes are identified and a necessary opera-
tion to maximize entanglement is described and interpreted
in terms of the covariance matrix and logarithmic negativity.
The experimental setup is presented in Sec. III and a detec-
tion scheme relying on two simultaneous homodyne detec-
tions is detailed. Section IV is devoted to the experimental
results. In Sec. V, the main conclusions of the experimental
work are summarized and the extension to the above-
threshold regime discussed.

II. THEORY OF SELF-PHASE-LOCKED OPO
BELOW THRESHOLD

In this section, we present a theoretical analysis of the
quantum properties of the self-phase-locked OPO below
threshold by the usual linearization techniquef12g. Indi-
vidual quantum noise properties of the signal and idler
modes as well as their correlations are derived.

A. Linearized equations with linear coupling

The self-phase-locked type-II OPO is sketched in Fig. 1.
A quarter-wave plate and a type-II phase-matchedxs2d crystal
are both inserted inside a triply resonant linear cavity. The
plate can be rotated by an angler with respect to the crystal
neutral axes. In this paper, we will restrict ourselves to small
values ofr.

The damping rate is assumed to be the same for the signal
and idler modes. As the finesse is high, we denote byr =1
−k the amplitude reflection coefficient for these modes, with
k!1. The intensity transmission coefficient is thus approxi-
matively equal to 2k. To take into account the additional
losses undergone by the signal and idler modesscrystal ab-
sorption, surface scatteringd, we introduce a generalized re-
flection coefficient r8=1−k8=1−sk+md. For the sake of*Electronic address: coudreau@spectro.jussieu.fr
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simplicity, all coefficients are assumed to be real and the
phase matching will be taken perfect. The influence of dif-
ferent reflection phase shifts on the cavity mirrors for the
interacting waves has been detailed in Ref.f10g in the above-
threshold regime and will not be considered here.

We assume that the signal and idler modes are close to
resonance and denote byD1 and D2 their small round-trip
phase detunings. The equations of motion for the classical
field amplitudes, denotedA1 andA2 for the signal and idler
modes andA0 for the pump, can be written as

t
dA1

dt
= A1s− k8 + iD1d + gA0A2

* + 2ireisu−cdA2,

t
dA2

dt
= A2s− k8 + iD2d + gA0A1

* + 2ireisc−udA1, s1d

where t stands for the cavity round-trip time,A0
in for the

input pump amplitude, andg for the parametric gain.u andc
are, respectively, the birefringent phase shift introduced by
the crystal and by the wave plate. The last term of these
equations corresponds to the linear coupling induced by the
rotated plate.

We will consider only the case whereD1=D2=2r and u
=c. At this operating point the threshold is minimumf10g. In
this case, the equations of motion are simpler and are written

t
dA1

dt
= A1s− k8 + 2ird + gA0A2

* + 2irA2,

t
dA2

dt
= A2s− k8 + 2ird + gA0A1

* + 2irA1. s2d

A nonzero stationary solution exists if and only if the
pump powerA0, taken real, exceeds the threshold power
equal tok8 /g. We define a reduced pumping parameters
equal to the input pump amplitude normalized to the thresh-
old. The below-threshold regime corresponds tos,1.

These equations are linearized around the stationary val-
ues by settingAi =Ai +dAi. In the below-threshold regime,
the mean values ofA1 andA2 are zero. The linearized equa-
tions can then be written

−
t

k8

dsdA1d
dt

= dA1s1 − icd − sdA2
* − icdA2 −

Î2k

k8
dA1

in

−
Î2m

k8
dB1

in,

−
t

k8

dsdA2d
dt

= dA2s1 − icd − sdA1
* − icdA1 −

Î2k

k8
dA2

in

−
Î2m

k8
dB2

in, s3d

where c=2r /k8. dAi
in and dBi

in correspond to the vacuum
fluctuations entering the cavity due, respectively, to the cou-
pling mirror and to the losses.

One can note that the fluctuations of the pump are not
coupled to the signal and idler modes in the below-threshold
regime. It is obviously not the case above threshold and this
point can explain in particular why the experimental obser-
vation above threshold of phase anticorrelations below the
standard quantum limit is a difficult taskf13g.

B. Variances

The fluctuations can be evaluated by taking the Fourier
transform of the previous equations which leads to algebraic
equations. We introduce the parameterV=vt /2k8=v /Vc,
which is the noise frequency normalized to the cavity band-
width Vc. In the Fourier domain, the equations become

s1 − ic + 2iVddA1̃sVd − sd A2
*̃s− Vd − icd A2̃sVd

−
Î2k

k8
d A1

iñsVd −
Î2m

k8
d B1

iñsVd = 0,

s1 − ic + 2iVddA2̃sVd − sd A1
*̃s− Vd − icd A1̃sVd

−
Î2k

k8
d A2

iñsVd −
Î2m

k8
d B2

iñsVd = 0. s4d

From these equations and their conjugates, one can deter-
mine the variance spectra of the signal and idler modes and
their correlations. We define the fluctuations of the modesAi
for a given quadrature anglew and a given noise frequency
V by

piswd = d AĩsVde−iw + d Ai
*̃s− Vdeiw. s5d

The equation of motion for the fluctuations can thus take
the following form:

s1 + 2iVdp1swd − sp2s− wd + cfp1sw + p/2d + p2sw + p/2dg

−
Î2k

k8
p1

in −
Î2m

k8
p1

in8 = 0,

p2s− wds1 + 2iVd − sp1swd + cfp2s− w + p/2d

− p1s− w + p/2dg −
Î2k

k8
p2

in −
Î2m

k8
p2

in8 = 0, s6d

where pi
in and pi

in8 correspond to the phase-insensitive
vacuum fluctuations entering the system.

FIG. 1. sColor onlined Linear cavity OPO with a quarter-wave
plate. When rotated relatively to the principal axes of the type-II
phase-matched crystal, this plate adds a linear coupling between
orthogonally polarized signal and idler fields. Vacuum fluctuations
can enter the system through the output mirror or the various losses.
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Whenc=0, these equations are identical to the ones of a
traditional type-II OPO below threshold where only the
quadratures with phases ±w can interact. When the plate is
rotated, the phase dependence becomes more complicated
since orthogonal quadratures are coupled.

By introducing the simplified notations

p1 = p1sw1d, q1 = p1Sw1 +
p

2
D ,

p2 = p2sw2d, q2 = p2Sw2 +
p

2
D , s7d

with w1=p /2 andw2=−p /2, the equations of motion can be
rewritten in the form

s1 + 2iVdp1 − sp2 + csq1 − q2d −
Î2k

k8
p1

in −
Î2m

k8
p1

in8 = 0,

p2s1 + 2iVd − sp1 + csq2 − q1d −
Î2k

k8
p2

in −
Î2m

k8
p2

in8 = 0,

q1s1 + 2iVd + sq2 + csp2 − p1d −
Î2k

k8
q1

in −
Î2m

k8
q1

in8 = 0,

q2s1 + 2iVd + sq1 + csp1 − p2d −
Î2k

k8
q2

in −
Î2m

k8
q2

in8 = 0,

s8d

The system made up of these four equations and the four
equations obtained by changingV to −V gives the intracav-
ity fluctuations. The fluctuations of the output modes are
obtained by the boundary condition on the output mirror,

pi
outsVd = Î2kpisVd − pi

in. s9d

The variance of a componentpi
out is then derived from

Spi
outsVd = kpi

outsVdpi
outs− Vdl. s10d

The variances of the uncorrelated vacuum contributions en-
tering the system are normalized to 1.

C. Signal and idler fluctuations

When the plate is not rotatedsc=0d, the signal and idler
modes exhibit phase-insensitive excess noise. The single-
beam noise spectrum for the signalsor the idlerd can be writ-
ten

Sp1
= Sq1

= 1 +
8s2

f4V2 + ss − 1d2gf4V2 + ss + 1d2g
k

k8
.

s11d

This is not the case when the plate is rotated. The noise
becomes phase sensitive and the noise spectrum is given by

Sswd = Sp1
cos2swd + Sq1

sin2swd + a coss2wd s12d

with

Sp1
= 1 +

8shsfss − 1d2 + 4V2g − c2f4V2 − 4s1 + c2d + ss + 1d2gj
f4V2 + ss − 1d2gf16V2 + s4V2 − 4c2 + s2 − 1d2g

k

k8
,

Sq1
= 1 +

8shsfss + 1d2 + 4V2g + c2f4V2 − 4s1 + c2d + ss − 1d2gj
f4V2 + ss + 1d2gf16V2 + s4V2 − 4c2 + s2 − 1d2g

k

k8
,

a =
− 8sc

16V2 + s4V2 − 4c2 + s2 − 1d2

k

k8
. s13d

FIG. 2. sColor onlined Angle of the minimal noise quadrature
and corresponding normalized variance as a function of the cou-
pling parameter. Close toc=0, the noise diverges and is phase
insensitive.V=0, s=0.9, k=k8.

FIG. 3. sColor onlined Fresnel representation of the noise ellipse
of the645° rotated modes when the plate angle is increased. With-
out coupling, squeezing is predicted on orthogonal quadratures. The
noise ellipse of the245° mode rotates and the noise reduction is
degraded when the coupling increases while the145° rotated mode
is not affected.
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Figure 2 shows the evolution of the minimal-noise
quadrature angle and of the corresponding noise power as a
function of the coupling parameter. When the coupling pa-
rameterc increases, this quadrature rotates. For strong cou-
pling, the minimal-noise quadrature is closer and closer to
the quadraturesq1 andq2 and the noise can be squeezed well
below the standard quantum limit.

D. Correlations and anticorrelations

After considering the individual fluctuations of signal and
idler modes, we study here the intermodal correlations.

Let us introduce the superposition modes oriented645°
from the axes of the crystal,

A+ =
A1 + A2

Î2
and A− =

A1 − A2

Î2
.

It should be stressed that considering the noise spectrum of
the sum or difference of signal and idler fluctuations is
equivalent to considering the noise spectrum of the rotated
modes. If signal and idler exhibit correlations or anticorrela-
tions, these two modes can have squeezed fluctuations as
their noise spectra are given by

SA+
swd =

1

2
Sp1swd+p2swd and SA−

swd =
1

2
Sp1swd−p2swd.

The amount of entanglement between signal and idler can be
directly inferred from the amount of squeezing available on
these superposition modes.

The expressions for the anticorrelations between signal
and idler modes coincide with the ones obtained in the case
of a standard OPO below threshold,

Sq1+q2
= 1 −

4s

4V2 + ss + 1d2

k

k8
,

Sp1+p2
= 1 +

4s

4V2 + ss − 1d2

k

k8
. s14d

The combinationsq1+q2d is always squeezed below the stan-
dard quantum limit whilesp1+p2d is very noisy. Perfect an-
ticorrelations are found at exact threshold in the absence of
additional lossessk=k8d and at zero frequency.

In contrast with the anticorrelations, the correlations
largely depend on the presence of the plate. The variance
spectrum is found to be

SA−
swd = Sp1−p2

cos2swd + Sq1−q2
sin2swd + 2a coss2wd

s15d

wherea has been defined in Eq.s13d and

Sp1−p2
= 1 −

4sf4V2 − 4c2 + ss − 1d2g
16V2 + s4V2 − 4c2 + s2 − 1d

k

k8
,

Sq1−q2
= 1 +

4sf4V2 − 4c2 + ss + 1d2g
16V2 + s4V2 − 4c2 + s2 − 1d

k

k8
. s16d

In a standard OPO below threshold—without a linear
coupling—the correlated quadratures are orthogonal to the
anticorrelated ones. It is no longer the case when a coupling
is introduced. The evolution is depicted in Fig. 3. When the
plate angle increases, the correlated quadratures rotate and
the correlations are degraded.

We can derive from Eqs.s15d and s16d a simple expres-
sion for the tilt angleu of the noise ellipse,

tans2ud =
4c

4V2 − 4c2 + s2 + 1
. s17d

Figure 4 gives the tilt angle of the noise ellipse and the
noise variance of the squeezed quadrature as a function of
the coupling parameter.

As a first conclusion, optimal correlations and anticorre-
lations are observed on nonorthogonal quadratures depend-
ing on the plate angle. In order to maximize the entangle-
ment between the signal and idler modes, the optimal
quadratures have to be made orthogonalf14g. Such an opera-
tion consists in a phase shift ofA− relative toA+. This trans-
formation is thus “nonlocal” in the sense of the EPR argu-
ment: it involves the two considered modes, signal and idler,
and therefore has to be performed before spatially separating
them.

E. In terms of the covariance matrix

The behavior of the system and the optimization of the
degree of entanglement can be formulated in terms of the
covariance matrix. We recall that a two-mode Gaussian state
with zero mean value is fully described by the covariance
matrix GAB defined as

GAB = S gA sAB

sAB
T gB

D . s18d

gA and gB are the covariance matrices of the individual
modes whilesAB describes the intermodal correlations. The

FIG. 4. sColor onlined Angle u of the minimal-noise quadrature
and corresponding normalized variance as a function of the cou-
pling parameterc. V=0, s=0.9, k=k8.
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elements of the covariance matrix are writtenGi j =kdRidRj

+dRjdRil /2 whereRhi,i=1,…,4j=hXA,YA,XB,YBj. X andY cor-
respond to an arbitrary orthogonal basis of quadratures.

In order to measure the degree of entanglement of Gauss-
ian states, a simple computable formula of the logarithmic
negativity EN has been obtained in Ref.f15g ssee alsof16g
for a general overviewd. EN can be easily evaluated from the
largest positive symplectic eigenvaluej of the covariance
matrix, which can be obtained from

j2 =
1

2
sD − ÎD2 − 4 detGABd s19d

with

D = detgA + detgB − 2 detsAB. s20d

The two-mode state is entangled if and only ifj,1. The
logarithmic negativity can thus be expressed byEN=
−log2sjd. This measurement is monotone and cannot increase
under local operations and classical communications. The
maximal entanglement that can be extracted from a given
two-mode state by passive operations is related to the two
smallest eigenvalues ofG, l1 and l2, by EN

max=
−log2sl1l2d /2 f14g.

Phase shifting ofA+ andA− into A+eiu/2 andA−e−iu/2 cor-
responds to a transformation of the signal and idler modesA1
andA2 described by the matrix

M = S cossu/2d i sinsu/2d
i sinsu/2d cossu/2d

D .

The angleu is given by Eq.s17d. Such a transformation
couples the signal and idler modes.

We give here a numerical example for realistic experi-
mental valuesc=1.5,s=0.9, andV=0. The covariance ma-
trix for the A1, A2 modes and also for theA+, A− modes are
given in Fig. 5 with and without the phase shift. The matrix
of theA+, A− modes is well suited to understand the behavior
of the device. At first, the intermodal blocks are zero, show-
ing that these two modes are not at all correlated and conse-
quently are the most squeezed modes of the system. There is
no way to extract more squeezing. But one can also note that
the diagonal blocks are not diagonalized simultaneously.
This corresponds to the tilt angleu of the squeezed quadra-
ture ofA− and given by Eq.s17d. A phase shift of the angleu
permits us to diagonalize simultaneously the two blocks and

to obtain squeezing on orthogonal quadratures. From the ma-
trix on the A1, A2 modes, one can quantify the degree of
entanglement by the logarithmic negativityEN. Thanks to
the nonlocal operation,EN goes from 4.06 to 4.53. The maxi-
mal entanglement available has been extracted asEN

max=
−log2sl1l2d /2=4.53. Let us finally note that due to the
strong coupling the signal and idler modes are entangled but
also slightly squeezed.

A self-phase-locked OPO below threshold can generate
very strong entangled modes when the plate angle is small
enough. The quantum behavior of the device is very rich and
gives a good insight into two-mode Gaussian state properties
and entanglement characterization. The previous interpreta-
tion in terms of the covariance matrix establishes a link be-
tween the optimal entanglement that can be extracted and the
eigenvalues of the matrix. The way to find it by a nonlocal
operation is developed. The next section is devoted to the
experimental study of this original device.

III. EXPERIMENTAL SETUP

Our experimental setup is based on a frequency-
degenerate type-II OPO below threshold. Al /4 plate in-
serted within the OPO adds a linear coupling between the
signal and idler modes which depends on the angle of the
plate relative to the principal axes of the crystal. Two simul-
taneous homodyne detections are implemented.

A. OPO and linear coupling

The experimental setup is shown in Fig. 6. A continuous
frequency-doubled neodymium-doped yttrium aluminum
garnetsNd:YAGd laser sModel Diabolo without noise eater
option, Innolight GmbHd pumps a triply resonant type-II
OPO, made of a semimonolithic linear cavity: in order to
increase the mechanical stability and reduce the reflection
losses, the input flat mirror is directly coated on one face of
the 10-mm-long KTP crystalsu=90°,w=23.5°, Raicol Crys-
tals Ltd.d. The reflectivities for the input coupler are 95% for
the pumps532 nmd and almost 100% for the signal and idler
beamss1064 nmd. The output couplersR=38 mmd is highly
reflecting for the pump and its transmission is 5% for the
infrared. At exact triple resonance, the oscillation threshold
is less than 20 mW, very close to the threshold without the
plate f17g. The OPO is actively locked on the pump reso-

FIG. 5. Numerical example of
covariance matrix of theA1, A2

modes and theA+, A− modes be-
fore and after the nonlocal opera-
tion for a coupling parameter
c=1.5. s=0.9, V=0, k=k8.
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nance by the Pound-Drever-Hall technique: a remaining 12
MHz modulation present in the laser is detected by reflection
and the error signal is sent to a home-made PI controller. The
triple resonance is reached by adjustment of both the crystal
temperature and the frequency of the pump laser. As the
input mirror is directly coated on the crystal, it is not pos-
sible to rotate the crystal in order to change the birefringence
of the cavity. Large adjustment of the laser frequency is thus
generally required. The crystal temperature is then thor-
oughly controlled within the millikelvin range. The OPO can
operate stably during more than one hour without mode hop-
ping.

The birefringent plate inserted inside the cavity is chosen
to be exactlyl /4 at 1064 nm and almostl at the 532 nm
pump wavelength. As birefringence and dispersion are of the
same order, this configuration is only possible by choosing a
multiple-order plate: we have chosen the first order for which
exactl /4 at 1064 nm is obtained, i.e., 4.75l at 1064 nm and
9.996l at 532 nm. Very small rotations of this plate around
the cavity axis can be operated thanks to a rotation mount
controlled by a piezoelectric actuatorsNew Focus Model
8401 and tiny picomotord.

B. Two simultaneous homodyne detections

The coherent 1064 nm laser output is used as local oscil-
lator for homodyne detection. This beam is spatially filtered
and intensity-noise cleaned by a triangular-ring 45-cm-long
cavity with a high finesse of 3000. This cavity is locked on
the maximum of transmission by the single-pass tilt-locking
techniquef18g and 80% of transmission is obtained. The
homodyne detections are based on pairs of balanced high-
quantum-efficiency InGaAs photodiodessEpitaxx ETX300
with a 95% quantum efficiencyd and the fringe visibility
reaches 0.97. The shot noise level of all measurements is

easily obtained by blocking the output of the OPO.
Orthogonally polarized modes are separated on the first

polarizing beam splitter at the output of the OPO. A half-
wave plate inserted before this polarizing beam splitter en-
ables us to choose the fields to characterize: the signal and
idler modes which are entangled, or the645° rotated modes
which are squeezed.

One main requirement of our experiment is to be able to
characterize simultaneously two modes with the same phase
reference. The difference photocurrents of the homodyne de-
tections are sent into two spectrum analyzerssAgilent
E4411Bd which are triggered by the same signal. The two
homodyne detections are calibrated in order to be in phase: if
one sends into each detection a state of light with squeezing
on the same quadrature, the noise powers registered on the
spectrum analyzers must have in-phase variations while
scanning the local oscillator phase. Two birefringent plates
l /2 andl /4 inserted in the local oscillator path are rotated
in order to compensate residual birefringence due in particu-
lar to defects associated with the polarizing beam splitter. In
other words, after this correction, the polarization of the local
oscillator is slightly elliptical. To facilitate this tuning, the
OPO is operated above threshold in the locking zone where
frequency degeneracy occurs. A polarizing beam splitter in-
serted at the OPO output and al /2 plate rotated by 22.5°
permit one to send into the two homodyne detections states
of light with opposite phase. Then, we look at the dc inter-
ference fringes, which have to be in opposition. We check
this calibration by sending into the homodyne detections a
squeezed vacuum. When scanning the local oscillator phase,
the noise variance measured in each homodyne detection fol-
lows simultaneous variations. Al /4 plate can be added on
the beam exiting the OPO, just before the homodyne detec-
tions: when this plate is inserted, the homodyne detections
are in quadrature. In such a configuration, two states of light

FIG. 6. sColor onlined Experimental setup. A continuous-wave frequency-doubled Nd:YAG laser pumps below threshold a type-II OPO
with a l /4 plate inserted inside the cavity. The generated two-mode vacuum state is characterized by two simultaneous homodyne detections.
The infrared output of the laser is used as local oscillator after filtering by a high-finesse cavity. The two coupleshl /4 ,l /2j on each path
are used to make an arbitrary phase shift between orthogonal components of polarization. PD Lock, FND-100 photodiode for locking of the
OPO. PD Split, split two-element InGaAs photodiode for tilt-locking the filtering cavity; PZT, piezoelectric transducer.
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with squeezing on orthogonal quadratures give in-phase
squeezing curves on the spectrum analyzers.

IV. EXPERIMENTAL ENTANGLEMENT

In this section, we report on the experimental results ob-
tained for different values of the coupling parameter. As un-
derlined before, we characterize the noise of the645° ro-
tated modes which have squeezed fluctuations.

A. Without linear coupling

In a first series of experiments, the plate angle is adjusted
to be almost zero. This tuning can be done by looking at the
individual noises which should be in that case phase insen-
sitive. Squeezing of the rotated modes is thus expected on
orthogonal quadratures, as is well known for a standard
OPO. Typical spectrum analyzer traces while scanning the
local oscillator phase are shown on Fig. 7. Normalized noise
variances of the645° vacuum modes at a given noise fre-
quency of 3.5 MHz are superimposed for in-phase and in-
quadrature homodyne detections. One indeed observes, as
expected, correlations and anticorrelations of the emitted
modes on orthogonal quadratures.

Figure 8 gives the simultaneous measurement of the noise
reductions for a locked local oscillator phase. −4.3±0.3 and
−4.5±0.3 dB below the standard quantum limit are obtained
for the two rotated modes. After correction of the electronic
noise, the amounts of squeezing reach −4.7±0.3 and
−4.9±0.3 dB. These values have to be compared to the the-
oretical value expressed in Eq.s14d. By taking s=0.9, V
=0.1, k=0.025, andk8=0.03, the expected value before de-
tection is27.5 dB. The detector quantum efficiency is esti-
mated to be 0.95, the fringe visibility is 0.97, and the propa-
gation efficiency is evaluated around 0.99. These values give
an overall detection efficiency of 0.9530.97230.99=0.88.
After detection, the expected squeezing is thus reduced to

25.5 dB. The small discrepancy with the experimental val-
ues can be due to the presence of walk-off which limits the
mode overlap, a critical point for two-mode squeezing.

From the electronic-noise-corrected squeezing values, one
can infer the Duan and Simon inseparability criterion defined
as the half sumD of the squeezed variancesf19,20g. For a
symmetric Gaussian two-mode state, this criterion is a nec-
essary and sufficient condition of nonseparability. We ob-
tained a value ofD=0.33±0.02, well below the unit limit for
inseparability. It is worth noting that the simultaneous double
homodyne detection permits a direct and instantaneous veri-
fication of this criterion by adding the two squeezed vari-
ances.

The EPR criterion is related to an apparent violation of a
Heisenberg inequalityf21g: the information extracted from
the measurement of the two quadratures of one mode pro-
vides values for the quadratures of the other mode that vio-
late the Heisenberg inequality. This criterion is related to the
product of conditional variances:VP1uP2

VQ1uQ2
,1 wherePi

and Qi are two conjugate quadratures andVX1uX2
the condi-

tional variance ofX1 knowing X2. The knowledge of the
previous squeezed quadratures and of the individual noise of
the entangled modes give the conditional variances: in the
symmetric case, one can show thatVX1uX2

=2VsX1±X2d
−V2sX1±X2d /VsX1d where all the variances are normalized
to the standard quantum limitf22g. The noises of signal and
idler modes are phase insensitive and reach 8.2±0.5 dB
above shot noisesFig. 11 belowd. We obtained thus a product
of conditional variances equal to 0.42±0.05, which confirms
the EPR character of the measured correlations.

The entanglement can be quantified by the entropy of
formation—or entanglement of formationE—for symmetric
Gaussian states introduced in Ref.f23g, which represents the
amount of pure state entanglement needed to prepare the
entangled state. This entropy can be directly derived from the
inseparability criterion valueD by

FIG. 7. sColor onlined Normalized noise variances at 3.5 MHz
of the 645° modes while scanning the local oscillator phase. The
first plot corresponds to in-phase homodyne detections and the sec-
ond one in quadrature. Squeezing is well observed on orthogonal
quadratures. The resolution bandwidth is set to 100 kHz and the
video bandwidth to 1 kHz.

FIG. 8. sColor onlined Normalized noise variances at 3.5 MHz
of the 645° modes and inseparability criterion for signal and idler
modes. The homodyne detections are in quadrature. After correction
of the electronic noise, the inseparability criterion reaches
0.33±0.02. The resolution bandwidth is set to 100 kHz and the
video bandwidth to 300 Hz.
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E = c+ log2sc+d − c− log2sc−d s21d

with

c± = sD−1/2 ± D1/2d2/4. s22d

From this expression, we calculate an entanglement of for-
mation value ofE=1.1±0.1 ebits. To the best of our knowl-
edge, our setup generates the best EPR entangled beams to
date produced in the continuous variable regime. Let us note
that such a degree of entanglement should correspond to a
fidelity equal to 0.75 in a unity-gain teleportation experi-
ment.

This nonclassical behavior exists also without the plate
and we have obtained in that case almost the same degree of
entanglement. The first experimental demonstration of con-
tinuous variable EPR entanglement was obtained with such a
type-II OPO below thresholdf6g. However, the linear cou-
pling, even for a plate rotated by a very small angle, can
make easier the finding of experimental parameters for which
entanglement is observed. Furthermore, the degenerate op-
eration with bright beams above threshold makes it possible
to match the homodyne detection without infrared injection
of the OPO.

The entanglement of the generated two-mode state is pre-
served for very low noise frequencies, down to 50 kHz. In
the experimental quantum optics field, nonclassical proper-
ties are generally reported in the megahertz range—as is the
case in this paper up to now—due to large classical excess
noise at lower frequenciesf24g. Experimental details and
possible applications of these low-frequency results are re-
ported inf25g.

B. Results as a function of the linear coupling

The two-mode state generated by the OPO is then char-
acterized for different angles of the plate. The coupling pa-
rameterc is easily evaluated from the angler of the plate
and the transmission coefficientk of the output mirror and
lossesm in the cavity asc=2r / sk+md. As written in the last
section,k is equal to 0.025 andm is evaluated to be 0.005.
We use the in-quadrature setup of the homodyne detections
for which squeezing on orthogonal quadratures is observed
simultaneously on the triggered spectrum analyzers. When
the coupling increases, the squeezing is not obtained on or-
thogonal quadratures anymore. Figure 9 gives for four in-
creasing coupling parameters the normalized noise variances
of the rotated modes while scanning the local oscillator
phase. In Fig. 10, we give the experimentally measured tilt
angle u and associated noise variance as a function of the
coupling parameterc. One can check on the figure the valid-
ity of the theoretical expression ofu given in Eq.s17d. We
observe that the squeezing of theA− mode decreases but
more slowly than expected. We also note that the squeezing
of the A+ mode slightly decreases while this noise reduction
is theoretically independent of the coupling.

The noise of the signal and idler modes also depends on
the presence of the plate as demonstrated in Sec. II. The
individual noises become phase sensitive, and even squeezed
below the standard quantum limit, when the coupling in-

creases. Figure 11 gives the phase dependence of the signal
and idler modes for the same four coupling parameters as in
Fig. 9.

C. Optimization of EPR entanglement by polarization
adjustment

When the plate is rotated, squeezing is no longer observed
on orthogonal quadratures. Thus, as shown in Sec. II, the
EPR entanglement is not the maximal available one. In order
to extract the maximal entanglement, one has to perform a
phase shift of theA+ andA− modes. Such an arbitrary phase
shift can be done thanks to al /2 and al /4 plate added at
the output of the OPOsFig. 6d.

Figure 12 gives the normalized noise variances of the ro-
tated modes for a coupling parameterc=0.35, before and
after the phase shift. The homodyne detections are operated
in quadrature so that squeezing on orthogonal quadratures is
observed simultaneously on the spectrum analyzers. After
the operation is performed, squeezing is obtained on or-
thogonal quadratures as in a standard type-II OPO without
coupling.

FIG. 9. sColor onlined Normalized noise variances at 3.5 MHz
of the 645° modes while scanning the local oscillator phase for
different coupling parameters:c5sad 0, sbd 0.35, scd 0.85, andsdd
1.8. Dark lines correspond to theA− mode and light ones to theA+

mode. The homodyne detections are in quadrature. The resolution
bandwidth is set to 100 kHz and the video bandwidth to 1 kHz.
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V. CONCLUSION

A self-phase-locked type-II OPO associates with the usual
nonlinear coupling between the signal and idler modes a lin-
ear mixing by the way of a rotated quarter-wave plate in-
serted inside the optical cavity. We have demonstrated theo-
retically and confirmed experimentally that this original
device generates a two-mode nonclassical state that exhibits

a very rich and interesting behavior in terms of squeezing
and correlation properties. Quantum correlations and anticor-
relations of the signal and idler modes are obtained on non-
orthogonal quadratures depending on the angle of the plate.
Furthermore, by a suitable change of polarization, the en-
tanglement can be maximized and put into standard form,
i.e., correlations and anticorrelations on orthogonal quadra-
tures. The observed entanglement has been characterized in
terms of covariance matrix and logarithmic negativity.

The experimental investigation of this original device re-
quired the set up of two simultaneous homodyne detections.
We have detailed the operation of the system as a function of
the coupling parameter, for the signal and idler modes which
are entangled as well for the645° rotated modes which have
squeezed fluctuations, and found the experimental behavior
consistent with the theory. In the case of a very small cou-
pling, we have reported what is to our knowledge the best
entangled beams ever produced in the continuous variable
regime. A value of the inseparability criterion as low as
0.33±0.02, well below the limit of unity, is obtained. This
entanglement corresponds to a value of the entanglement of
formation of 1.1±0.1 ebits. We also achieved EPR entangle-
ment and squeezing at very low noise sideband frequencies
down to 50 kHzf25g.

FIG. 10. sColor onlined Mea-
sured tilt angleu and noise vari-
ance as a function of the coupling
parameterc, for theA− mode. The
black lines give theoretical predic-
tions calculated from Eqs.s17d
and s15d for s=0.9 andV=0.1.

FIG. 11. sColor onlined Normalized noise variances at 3.5 MHz
of the signal and idler modes while scanning the local oscillator
phase for different coupling parameters:c5sad 0, sbd 0.35,scd 0.85,
andsdd 1.8. The black dotted lines correspond to the noise power on
the difference of the two modes. The homodyne detections are in
phase. The resolution bandwidth is set to 100 kHz and the video
bandwidth to 1 kHz.

FIG. 12. sColor onlined Normalized noise variances at 3.5 MHz
of the rotated modes while scanning the local oscillator phase for a
coupling parameterc=0.35, before and after the nonlocal operation.
The homodyne detections are in quadrature. After this operation,
squeezing is observed on orthogonal quadratures. The resolution
bandwidth is set to 100 kHz and the video bandwidth to 1 kHz.
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The next step is the characterization of the quantum prop-
erties of this system operated above threshold. The linear
coupling induced by the plate results in a phase locking of
the signal and idler fields at frequency degeneracy, which
permits one to access the phase fluctuations of the bright
twin beams. The predicted quantum properties of the system
are similar and should open the possibility to generate bright
entangled beamsf11g. Up to now, phase locking and inten-
sity correlations below the standard quantum limit have been
observed but the phase anticorrelations are still slightly
above shot noisef13g. Improvements of the setup are cur-
rently in progress.
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