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Type-II Optical Parametric Oscillator :
a versatile source of quantum correlations and entanglement

Julien Laurat, Thomas Coudreau and Claude Fabre*

Laboratoire Kastler Brossel, Université P. et M. Curie,

Case 74, 4 Place Jussieu, 75252 Paris cedexr 05, France
(Dated: October 10, 2005)

Type-11 Optical Parametric Oscillators are efficient sources of quadrature squeezed or polarization-
squeezed light, intensity correlated beams, and entangled light. We review here the different levels
of quantum correlations and entanglement that are reached in this device, and present some appli-

cations.

I. INTRODUCTION

Quantum correlations play a key role in quantum me-
chanics, in basic issues such as non-locality or decoher-
ence and also in potential applications such as quantum
information processing and computation. The existence
of correlations between different physical systems is ob-
viously not a specific property of quantum physics : it is
simply the consequence of a former interaction, whatever
its character, between the systems submitted to the mea-
surement. Consequently, the observation or prediction of
a correlation, even perfect, between the measurements of
two variables is not at all a proof of the quantum char-
acter of the phenomenon under study. One can find in
the literature a great deal of criteria setting a border be-
tween the classical and the quantum effects, differing by
the definitions of the quantum character of a given phys-
ical situation. The purpose of this paper is to review
some criteria for quantum correlations (section [l and
to describe how a single device, namely a type-II Opti-
cal Parametric Oscillator (section [IIAl) produces various
kinds of correlations fulfilling these criteria (sections [Tl
and [MI). We will also show that the same device can
generate entangled states in a non-standard form (sec-
tion [¥])). This last section will provide a good insight
into general properties of two-mode gaussian states, il-
lustrated in terms of covariance matrices.

The results presented in this paper are detailed in Refs.

i, B 8 8.

II. CORRELATION CRITERIA

Let us consider two light beams denoted by indices 1
and 2. We denote by X 2 one quadrature component
of these beams, which can be measured either by direct
photodetection (amplitude quadrature) or by an homo-
dyne detection, normalized in such a way that vacuum
fluctuations have a variance equal to 1. We restrict our-
selves in this paper to the ”"balanced” case when the two
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beams have equal variances F' on these quadratures, and
also equal frequencies. More general criteria in the un-
balanced case can be found in ﬂ] Let us stress also
that we are in the case where the quantum properties of
the system are well described by a linearized approach of
quantum fluctuations.

A. ”Gemellity”

A first criterion of quantum correlations can be defined
as follows: the correlation measured in the system cannot
be described by a semi-classical model involving classical
electromagnetic fields having classical fluctuations.

It is easy to show that the classical character of light
fields is preserved by linear passive optical devices, which
involve only linear, energy-preserving, optical elements
like beamsplitters and free propagation. In order to as-
certain the quantum character of correlations existing be-
tween § X1 and 0 X5, the simplest way is therefore to pro-
cess the two beams by all possible linear passive optical
devices : if one is able to produce in such a way a beam
having fluctuations below the quantum noise limit, that
is well-known to be "non-classical”, the initial correlation
will also be termed as non-classical.

For balanced beams, the best linear processing is sim-
ply to send them on a 50/50 beam-splitter: one obtains
at one of its output ports a beam with quadrature fluc-
tuations § X,y given by

0X1 —0Xo

5Xout = \/5

(1)
having a variance given by:
G=3 <(5X1 —6X3) > (2)

The correlation will be said to be non-classical when this
quantity, that can be called the ”gemellity”, is smaller
than 1. G can also be written in terms of the noise vari-
ance of each beam F' and of the normalized correlation
coefficient Cya:

G = F(1-|Chal). 3)

Therefore a correlation is non-classical when the normal-
ized correlation function fulfills the following condition:



1
|C12| > 1-; (4)

Thus the larger the classical noise is on each beam, the
more stringent the condition becomes.

Finally, let us stress that G can be easily measured
experimentally: this is done in all homodyne detection
schemes of squeezing, which actually measures the quan-
tum character of the correlation existing between the two
beams produced by mixing the field to measure with the
local oscillator, and in all twin beams experimentsﬂ, ﬁ]

B. Quantum Non Demolition correlation

When two observables M; and M, are correlated, the
measurement of My gives some information about the
value of M7 without any interaction with system 1. Cor-
relations provide therefore opportunities for Non Demo-
lition measurements. One is led to a second criterion
of quantum correlation: the correlation is such that the
information extracted from the measurement on one field
provides a Quantum Non Demolition measurement of the
other [3].

This criterion is related to the conditional variance
given by :

Vipp = Fi(1 = Chy). (5)

where F is the noise of beam 1 normalized to shot noise.
QND correlations correspond to values of Vij, below 1,
and therefore to a correlation satisfying the inequality:

T (6)

|012| > A

Eq. Bl can also be expressed in terms of the gemellity:

2

Vie=Van = G+ [Cu) =26 -5 (@)
It is easy to show from these relations that all QND-
correlated beams have a gemellity smaller than 1,
whereas a gemellity smaller than 0.5 is required to have
QND-correlated beams (in the limit of large individual
noise).

C. Inseparability

Let us now define a new criterion related to entangle-
ment: the correlation cannot be described by separable
quantum states. Can the state be written as (a sum of)
tensor products or not?

If one is sure that the system is in a pure state, sep-
arable or factorizable state vectors give rise to no cor-
relations at all, whatever the observables: the existence
of a non-zero correlation, even ”classical”, on a single

quadrature is sufficient to prove the inseparability of the
state.

When the state is mixed, which is the general case,
this is no longer the case. Let us consider for example
the mixed state described by the density matrix

p=> pa(lim)@[2:n))((L:n|®(2:n]) (8)

where [1,2 : n) is a Fock state with n photons in mode
1, 2. This highly non-classical state has perfect intensity
correlations (C12 = 1), so that G = Vi3 = 0). How-
ever, it is a separable state, being a statistical mixture of
factorized state vectors.

In order to ascertain the separable character of the
physical state of a system, one needs to make two joint
correlation measurements on non-commuting observables
on the system, and not only one, as was the case in the
two previous criteria. More precisely, Duan et al. ﬂﬂ] have
shown that, in the case of Gaussian states for which the
covariance matrix is expressed in the so-called standard
form, there exists a necessary and sufficient criterion of
separability in terms of the quantity Z, that we will call
separability, and is given by :

7= i ((6x1 = 6X)%) + (6P +6P)%))
= S (Gx+Gp). Q

The separability appears as the half-sum of the gemel-
lity measuring the correlations between quadratures 6 X
and the (anti)gemellity measuring the anticorrelations
between dP. A state for which Z is smaller than one
will be a non-separable or entangled state. As a conse-
quence, classically correlated beams, for which these two
gemellities are larger than 1, are separable.

Let us note that in the case of symmetric gaussian
states the entanglement can be quantified by a quantity
called entropy of formation — or entanglement of forma-
tion EOF —, that was introduced in Ref.[1(]. It repre-
sents the amount of pure state entanglement needed to
prepare the entangled state. This quantity is related to
the value of the inseparability Z by:

EOF = cy logy(cq) — c—logy(c—) (10)
with
ey = (T2 £1Y2)%)4 (11)

EOF takes a positive value only for entangled beams.
Its interest is that it constitutes a real measure of the
amount of entanglement. In addition, it is also used in
the discrete variable regime.

A more general quantity has been introduced to char-
acterize the entanglement: the logarithmic negativity
ﬂﬁﬂ This quantity can be calculated for any arbitrary
bipartite system. We will consider it in more detail in the
last section of this paper where the generated two-mode
state is not in a standard form.



D. Einstein-Podolsky-Rosen correlations

Two correlations give the opportunity of Non Demoli-
tion measurements on two non-commuting variables. As
for a single quadrature, one can be interested in the qual-
ity of the information that one gets on one beam by mea-
suring the other. This question is related to the question
asked by Einstein, Podolsky and Rosen in their famous
paper ﬂﬁ] In particular, we will say that we have "EPR
beams” when the information extracted from the the mea-
surement of the two quadratures of one field provide val-
ues for the quadratures of the other which “violate” the
Heisenberg inequality. This criterion was considered and
discussed extensively by Reid and co-workersﬂﬁ]. They
showed that to characterize this property, one can use
the product of the conditional variances,

V= VX1|X2.Vp1‘p2. (12)

When this quantity is smaller than one we will say that
we have " EPR-correlated beams”. Let us note that when
this condition is fulfilled, one can perform double QND-
measurements, that is two QND-measurements on non-
commuting quadratures. One can show that all EPR-
correlated beams are not separable, whereas the reverse
is not true. EPR-correlation is therefore the strongest of
the correlation criteria that we have listed here. One can
envision other criteria which are even stronger, but not
relevant for the problem of measuring correlated quadra-
tures with Gaussian statistics that we are considering
here.

III. EXPERIMENTAL INVESTIGATION OF
QUANTUM CORRELATIONS

In this section, we will show how these various crite-
ria can be tested using the states produced by a triply
resonant type-II Optical Parametric Oscillator. Such a
system consists of a triply-resonant optical cavity con-
taining a type-II phase matched x(®) crystal. Sponta-
neous parametric down-conversion which occurs in such
crystals is well known to produce twin photons, that is
photons created in pairs. When such a crystal is placed
inside a cavity and the system pumped above a critical
value (threshold), one generates intense beams which are
correlated. The system transfers the correlations existing
in the discrete regime to the continuous variable one. The
OPO is thus an ideal system to test the various criteria
that we have mentioned above.

A. Experimental set-up

The experimental setup is shown in Fig. o
A continuous-wave frequency-doubled Nd:YAG laser
pumps a triply resonant OPO above threshold, made of
a semi-monolithic linear cavity. The intensity reflection
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FIG. 1: A cw doubled Nd:YAG laser pumps above threshold a
type-1I OPO. Intensity correlations are directly measured by
a balanced detection scheme. PD Lock: FND-100 photodiode
for locking of the OPO.

coefficients for the input coupler are 95% for the pump at
532 nm and almost 100% for the signal and idler beams
at 1064 nm. The output mirror is highly reflective for the
pump and its transmission coefficient T" can be chosen to
be 5 or 10%. With T' = 5%, at exact triple resonance,
the oscillation threshold is less than 15 mW. In spite of
the triple resonance which generally makes OPOs much
more sensitive to disturbances, length and temperature
controls enable stable operation over more than one hour
without mode-hopping.

B. 72 x 1 quadrature” case
1. Twin beams

Type II optical parametric oscillators are well-known
to generate above threshold highly quantum correlated
bright twin beams. Intensity correlations were experi-
mentally observed several years ago and applied to mea-
surements of weak physical effectsﬂﬂ]. We describe here
a recent improvement of the observed correlation.

Intensity correlations are directly measured by a bal-
anced detection scheme (Fig. [). The signal and idler
orthogonally polarized beams are separated on a polariz-
ing beam splitter and detected on a pair of high quantum
efficiency photodiodes. With a transmission T' = 10% for
the output mirror, we have obtained a noise reduction of
9.7+ 0.5 dB (89%) around 5 MHz (Fig. B), which cor-
responds to a gemellity of G = 0.11. To the best of our
knowledge, this noise reduction is the strongest reported
to date in the experimental quantum optics field.

2. @ND correlations and conditional preparation of a
non-classical state

The observed correlation is strong enough to yield a
conditional variance well below 1. We will show now
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FIG. 2: Normalized noise power of the intensity difference
of the signal and idler as a function of the frequency, after
correction of the electronic noise.

that such a QND-correlation can be used to produce a
squeezed state via conditional preparation performed on
continuous variables.

A well-known technique to generate a single photon
state from twin photons is to use the method of condi-
tional measurement: if one labels (1) and (2) the two
modes in which the twin photons are emitted, it consists
in retaining in the information collected in mode (1) only
the counts occurring when a photon is detected in mode
(2) within a given time window AT'. State preparation by
conditional measurement can be readily extended to the
continuous variable regime, where the instantaneous val-
ues of the signal and idler photocurrents play the role of
the occurrence of counts in the photon counting regime.
The technique consists in selecting the signal photocur-
rent I; only during the time intervals when the idler in-
tensity I; has a given value Iy (within a band Al smaller
than the photocurrent standard deviation). The mea-
surements outside these time intervals are discarded. If
the correlation is perfect and the interval Al close to
zero, the recorded signal intensity is perfectly constant,
and an intense number state is generated; in a real ex-
periment, the correlation between the signal and idler
photocurrents is not perfect, and the selection band Al
is finite, so that the method will not prepare a perfect
number state, but a sub-Poissonian state instead.

A theoretical analysis of this protocol ] shows that
in the limit where AT is very small the conditional mea-
surement produces a beam characterized by a Fano factor
equal to the conditional variance of the signal and idler
beams. This means that the present protocol produces
a sub-Poissonian beam when the signal and idler beams
are QND-correlated. As shown in Eq. [ in the limit of
large correlations, the residual intensity noise F' on the
conditionally prepared state will be equal to twice the
gemellity (F =V ~ 2G).

Figure Bl sums up the experimental results. The Fano
factor F' of both the signal and idler beams exceeds 100
(20 dB above the shot noise level), and the measured
gemellity G is equal to 0.18 (0.14 after correction of dark
noise). The ensemble of values of the signal intensity for
which the idler intensity falls within the selection band
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FIG. 3: Experimental results: (a) Idler intensity fluctuations:
200 000 acquired points at 3.5 MHz demodulation frequency
(only 20 000 shown). (b) Corresponding probability distri-
bution. The unit is the width o of the Poisson distribution
of same mean intensity (shot noise). (c¢) Values of the signal
intensity conditionally selected by the value of the idler inten-
sity recorded at the same time (selection bandwidth AT equal
t0 0.1 op around the mean), superimposed to the correspond-
ing experimentally measured shot noise. (d) Corresponding
probability distribution, compared to the Poisson distribution
(grey line), displaying the sub-Poissonian character of the con-
ditionally generated state. The black line is a gaussian fit of
the intensity distribution.

is given in figure Bl (c): one indeed observes a signifi-
cant narrowing of the probability distribution below the
shot noise level. With a selection bandwidth Al equal
to 0.1 times the standard deviation oy of a coherent
state having the same power (shot noise level), the condi-
tionally prepared light state has a measured Fano factor
F = 0.36, which turns out to be equal, as expected, to
the conditional variance of the twin beams. The suc-
cess rate of the conditional preparation is around 0.85%
(1700 points out of 200 000 are accepted). An advantage
of the conditional preparation using continuous variables
is that one can use at the same time different selection
non-overlapping bands on the idler beam. Each allows
one to conditionally prepare a different sub-Poissonian
state, each having a Fano factor F© = 0.36. With 200
different selection bands, the overall success rate is close
to 100%.

C. 7”2 x 2” quadratures case
1. Entanglement below threshold

Type-II OPO below threshold are well-known to gen-
erate entangled beams. The first experimental demon-
stration of EPR correlations in the continuous variable
regime in 1992 was performed with such a deviceﬂﬂ].
Our experimental setup is similar to the previous one
(Fig. M) but the detection system is now based on two
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FIG. 4: A doubled Nd:YAG laser pumps a type II OPO, below or above threshold. The generated two-mode state is character-
ized by two simultaneous homodyne detections. PD Split: split two-element InGaAs photodiode for tilt-locking of the filtering

cavity.

simultaneous homodyne detections (Fig. H). In order
to measure the separability Z, one must characterize the
noise of the superposition modes oriented +45° from the
axes of the crystal:

e B S|

V2 V2

Eq. @ shows that the signal and idler fields are entangled
as soon as these two modes have squeezed fluctuations
on orthogonal quadratures. The orthogonally polarized
modes are separated on a first polarizing beam splitter
at the output of the OPO. A half-wave plate inserted be-
fore this polarizing beam splitter enables us to choose
the fields to characterize: the signal and idler modes
which are entangled, or the £45° rotated modes which
are squeezed. The detection setup is able to character-
ize simultaneously the two chosen modes with the same
phase reference, and to measure the noise reductions ei-
ther in quadrature (”in phase homodyne detection”) or in
phase (”in quadrature homodyne detection”), by insert-
ing or not a A/4 plate in the beam exiting the OPO. This
configuration permits a direct and instantaneous verifica-
tion of the inseparability criterion by simply adding the
two squeezed variances.

Typical spectrum analyzer traces while scanning the
local oscillator phase are shown on Fig. Bl Normalized
noise variances of the +45° vacuum modes at a given
noise frequency of 3.5 MHz are superimposed for in-phase
and in-quadrature homodyne detections. One indeed ob-
serves, as expected, correlations and anti-correlations of
the emitted modes on orthogonal quadratures. The ho-
modyne detection can be locked on the squeezed quadra-
ture (Figure E). The observed amount of simultaneous
squeezing for the two rotated modes is —4.3 + 0.3 dB
and —4.5 + 0.3 dB below the standard quantum limit
(=4.7 £ 0.3 dB and —4.9 + 0.3 dB after correction of
the electronic noise). This gives a value of the separa-
bility of Z = 0.33 4+ 0.02, well below the unit limit for

inseparability. With a measured value of the parameter
F of 6.6, one obtains a product of conditional variances
of 0.42 4 0.05, well below 1, which establishes the EPR
character of the measured correlations. The entangle-
ment of formation EOF of the two beams is, according
to formulae () and (), equal to 1.1 £+ 0.1 ebits. To
the best of our knowledge, this setup generates the best
EPR/entangled beams to date produced in the continu-
ous variable regime.
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FIG. 5: (a) Normalized noise variances at 3.5 MHz of the
+45° modes while scanning the local oscillator phase. The
first plot corresponds to in-phase homodyne detections and
the second one in-quadrature. Squeezing is well observed on
orthogonal quadratures. (RBW 100 kHz, VBW 1 kHz) (b)
Normalized noise variances at 3.5 MHz of the +45° modes
and inseparability Z for signal and idler modes. The homo-
dyne detections are in-quadrature and locked on the squeezed
quadratures. After correction of the electronic noise, the in-
separability criterion reaches 0.33 + 0.02. (RBW 100 kHz,
VBW 300 Hz).

Non-classical properties are generally measured in the
MHz range of Fourier frequencies, because of the pres-
ence of large classical noise at lower frequencies. In the
present device significant quantum correlations and EPR
entanglement have been observed in from 50 kHz to 10
MHz. Figureld gives the squeezed variances for low noise
frequencies, between 40 kHz and 150 kHz. Let us men-
tion that squeezing from a single type-I OPA was recently
reported at a record Fourier frequency of 200 Hz E}
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FIG. 6: Normalized noise variances from 40 kHz to 150 kHz
of the +45° modes after correction of the electronic noise and
inseparability criterion for signal and idler modes. Squeezing
and entanglement are observed down to 50 kHz. (RBW 3
kHz, VBW 10 Hz)

2. Bright EPR beams above threshold and polarization
squeezing

A type-II OPO pumped above threshold has been the-
oretically predicted to be a very efficient source of bright
entangled and EPR beams. This means that, in addition
to the already demonstrated intensity correlations, phase
anticorrelations exist in the system. However, they can
be easily measured by usual homodyne detection tech-
niques only in the frequency-degenerate regime. Fre-
quency degeneracy occurs only accidentally above thresh-
old because it corresponds to a single point in the ex-
perimental parameter space. Actually, up to now, no
direct evidence of such phase anti-correlations has been
observed. In 1998, Mason and Wong proposed an elegant
way to achieve frequency degenerate operation above
threshold [1d, 17]: they inserted inside the OPO cavity
a birefringent plate making an angle with the axis of the
non-linear crystal. The induced linear coupling between
the signal and idler results in a locking phenomenonm].
It has been shown theoretically that in such a ”self-phase-
locked” OPO the quantum correlations are preserved for
small angles of the plate and that the system produces
entangled states in a wide range of parameters ﬂE, m]

In the experiment, the frequency locking phenomenon
can be maintained during more than hour. Degener-
ate operation is confirmed by the fact that the gener-
ated mode has now a fixed polarization: at the minimum
threshold point, the generated state is linearly polarized
at +45°. Due to the defined phase relation existing now
between the signal and idler fields, A is a bright mode,
and A_ has a zero mean value. Figure [l (a) gives the
noise power of the mode A_ while scanning the local os-
cillator phase, for a transmission T = 5% and a plate
angle of 0.1°. A noise reduction of 4.5dB is observed.
This strong noise reduction on the mode A_ confirms
the quantum intensity correlation between the signal and
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FIG. 7: (a) Noise power of the mode A_ while scanning si-
multaneously the phase of the local oscillator and the noise
frequency between 1.5 and 10 MHz. The lower trace gives the
shot noise level. (b) Noise power of the mode A while scan-
ning the phase of the local oscillator, for a noise frequency
between 1.5 and 10 MHz. The shot noise level is given by the
lower trace plus 3 dB.

idler modes. Figure [ (b) shows the noise power of the
mode A in the same condition. As the plate angle is
very small, a similar amount of noise reduction is ex-
pected. However, a slight excess noise of 3 dB is mea-
sured for the minimal noise quadrature: the phase anti-
correlations appear to be slightly degraded, probably by
external noise sources.

Despite this slight excess noise which prevents from
reaching the proof of entanglement in the OPO above
threshold, the generated state turns out to be squeezed
in the polarization orthogonal to the mean field: A,
is the main mode and A_ the squeezed vacuum one.
This condition is required to obtain a so-called ”polar-
ization squeezed” state m, E, m] 4.5 dB of polariza-
tion squeezing has been thus generated in the self-phase-
locked OPO. Such states have recently raised great inter-
est, in particular because of the possibility to map quan-
tum polarization state of light onto an atomic ensemble

pd).

A A 9
0
A, A, A A,
- - — > — -

FIG. 8: Fresnel representation of the noise ellipse of the +45°
rotated modes when the plate angle is increased. Without
coupling, squeezing is predicted on orthogonal quadratures.
The noise ellipse of the —45° mode rotates and the noise re-
duction is degraded when the coupling increases while the
+45° rotated mode is not affected.

IV. MANIPULATING ENTANGLEMENT WITH
POLARIZATION ELEMENTS

The self-phase-locked OPO can also be operated be-
low threshold. It produces a two-mode state with strong
quantum features which manifest themselves in terms of
noise reduction properties in a given polarization basis,
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FIG. 9: Numerical example of covariance matrix of the A;/A> modes and the A;/A_ modes before and after the non-local

operation for a plate angle of p =1.3°. (o = 0.9 and 2 =0)

and in terms of entanglement and EPR correlations in an-
other. This last section is devoted to the general study
of this two-mode Gaussian quantum state.

A. DManipulation of entanglement in the two-mode
state produced by the type-II OPO with mode
coupling

In a standard OPO the correlated quadratures are
orthogonal to the anti-correlated ones which results in
squeezing of the rotated modes on orthogonal quadra-
tures. It is no more the case when a linear coupling
is introduced. When the plate angle increases, the cor-
related quadratures rotate and the correlations are de-
graded. The evolution is depicted in Fig. [ through the
noise ellipses of the rotated (squeezed) modes. In order to
maximize the entanglement between the signal and idler
modes, the optimal quadratures have to be made orthog-
onal m] Such an operation consists of a phase-shift of
A_ relative to Ay. This transformation is passive and
”non-local” in the sense of the EPR argument: it acts si-
multaneously on the two considered sub-systems. In the
type II OPO, such "non-local” transformations are easy
to perform by inserting polarizing birefringent elements
in the total beam, because the two polarization modes
are produced by the OPO in the same transverse spatial
mode.

As the generated two-mode state is not in the standard
form, we need to use a general measure of entanglement.
Let us introduce the covariance matrix formalism and
the logarithmic negativity. In a given mode basis, the
quantum properties of the generated state, of zero mean
value, are completely contained in the covariance matrix
I' 4B defined as:

va and ~yp are the covariance matrix of the individ-
ual modes while o045 describes the intermodal correla-
tions. The elements of the covariance matrix are writ-
ten Fij = <5RZ(SRJ + 5RJ5R1>/2 where R{i,i:l,..,4} =
{X4,Y4,Xp,Yp}. X and Y corresponds to an arbitrary

orthogonal basis of quadratures. In order to measure
the degree of entanglement of Gaussian states, a simple
computable formula of the logarithmic negativity Ex has
been obtained [11] (see also iﬁ] for a general overview).
E\s can be easily evaluated from the largest positive sym-
plectic eigenvalue £ of the covariance matrix which can
be obtained from

52:%(1)_ D? —4detTap) (13)

with
D =detys +detyg —2detoap (14)

The two-mode state is entangled if and only if £ < 1.
The logarithmic negativity can thus be expressed by
En = —logy(§). The maximal entanglement which can
be extracted from a given two-mode state by passive op-
erations is related to the two smallest eigenvalues of T',
)\1 and AQ, by Exm/az = —logQ(AlAQ)/2 ﬁ

We give here a numerical example for realistic exper-
imental values p = 1.3°,0 = 0.9 and Q = 0, where p
stands for the plate angle, o the pump power normalized
to the threshold and 2 the noise frequency. The covari-
ance matrices for the A;/A; modes and for the A, /A_
modes are given in Fig. @ with and without the phase-
shift. The matrix of the Ay /A_ modes are well-suited to
understand the behavior of the device. At first, the in-
termodal blocks are zero, showing that these two modes
are not at all correlated and consequently 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 corre-
sponds to the tilt angle 8 of the squeezed quadrature of
A_. A phase-shift of the angle 6 permits to diagonalize
simultaneously the two blocks and to obtain squeezing on
orthogonal quadratures. The logarithmic negativity Ea
has increased in the transformation from 4.06 to 4.53.
The maximal entanglement available has been extracted
in this way as EQ** = —logy(A1A2)/2 = 4.53.



B. Experimental optimization of entanglement

Let us now describe how to experimentally optimize
the EPR entanglement generated by the self-phase-locked
OPO below threshold.

In order to extract the maximal entanglement, one
must perform an appropriate phase-shift on the rotated
modes. This is achieved by using an association of one
A/2 and one \/4 plates added at the output of the OPO.
The double homodyne detection we have developed is
necessary in order to be able to characterize simultane-
ously the two modes with the same phase reference.
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FIG. 10: Normalized noise variances at 3.5 MHz of the rotated
modes while scanning the local oscillator phase for a plate
angle p = 0.3°, before and after the non-local operation. The
homodyne detections are in-quadrature. After this operation,
squeezing is observed on orthogonal quadratures.

Figure M displays the normalized noise variances of
the rotated modes for a plate angle of p = 0.3°, 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 orthogonal quadratures as in a standard
type-II OPO without mode coupling. Experimentally,
the logarithmic negativity goes from 1.13 to 1.32, showing
that we are able to extract more quantum resource from
the state after the operation.

V. CONCLUSION

We have seen that type II triply resonant OPO pro-
duce in a very stable way the strongest intensity cor-
relation and EPR entanglement to date. Phase-locked,
frequency degenerate operation can be obtained using
an intracavity birefringent plate. This locking permits
the experimental realization of homodyne detection of
the quadratures even when the system is operated above
threshold. This result opens a very promising way to the
direct generation of intense entangled beams and offers
a new and simple method to achieve strong polarization
squeezing. Below threshold, the self-phase-locked OPO
exhibits a very rich and interesting behavior which pro-
vides a good insight into entanglement manipulation by
passive operations. This opens the way to the manipu-
lation and optimization of quantum properties in highly
multimode Hilbert spaces.
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