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Effects of mode coupling on the generation of quadrature Einstein-Podolsky-Rosen entanglement
in a type-1l optical parametric oscillator below threshold
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We study theoretically and experimentally the quantum properties of a type-Il 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.,
guantum 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 paper is organized as follows. In Sec. Il, we describe

. . ) . the quantum state generated by a self-phase-locked type-II

_The dynamic and promising field of quantum information 5pg pejow threshold. The correlated quadratures and the

with continuous variables aroused a lot of interest and a largg ,ount of entanglement depend on the angle of the wave

number of protocols has been proposed and implemgtied |46 Different regimes are identified and a necessary opera-
Continuous variable entanglement plays a central role any, 15 maximize entanglement is described and interpreted
constitutes the basic requisite of most ofithese development_ﬁ1 terms of the covariance matrix and logarithmic negativity.

Such a resource can be generated by mixing on a beam splifyo experimental setup is presented in Sec. Ill and a detec-
ter two independent squeezed beams produced for instangg, scheme relying on two simultaneous homodyne detec-
by type-I optical parametric amplifie{2,3] or by the Kerr 54 s detailed. Section IV is devoted to the experimental
effect in a fiber4]. The use of a light field interacting with a (oqits In Sec. V, the main conclusions of the experimental

cloud of cold atoms in.a cavity has also bgen recently "®work are summarized and the extension to the above-
ported[5]. Another way is to use a type-Il optical parametric {rashold regime discussed.

operator(OPO below threshold—with vacuurf6,7] or co-
herent injection[8]—which directly provides orthogonally Il. THEORY OF SELF-PHASE-LOCKED OPO

polarized entangled beams. _ BELOW THRESHOLD
We propose here to explore the quantum properties of an

original device—called a “self-phase-locked OPO"—which In this section, we present a theoretical analysis of the
consists of a type-Il OPO with a quarter-wave plate insertedjuantum properties of the self-phase-locked OPO below
inside the cavity9]. The plate, which can be rotated relative threshold by the usual linearization technigLi?]. Indi-
to the principal axis of the crystal, adds a linear couplingvidual quantum noise properties of the signal and idler
between the orthogonally polarized signal and idler fields. ltmodes as well as their correlations are derived.
has been shown that such a device above threshold opens the
possibility of producing frequency-degenerate bright A. Linearized equations with linear coupling
Einstein-Podolsky-Rose(EPR beams thanks to the phase  pq seif. phase-locked type-Il OPO is sketched in Fig. 1.
locking resulting from the Iinear_coupling induced by theAquarter-wave plate and a type-Il phase-match@tcrystal
rotated plate{10,11. Such a device can also be operatgdare both inserted inside a triply resonant linear cavity. The
below thres_hold and exh|b|.ts a very rich quantum behavior, late can be rotated by an anglavith respect to the crystal
The paper-is devoted_to this belqw-threghold regime from eutral axes. In this paper, we will restrict ourselves to small
theoretical and experimental point of view. The properties 5 es ofp.
are interpreted in terms of the covariance matrix and give an The damping rate is assumed to be the same for the signal
interesting in_sight into the nonclassica[ properties of tWO-21d idler modes. As the finesse is high, we denote by
mode Gaussian states, such as squeezing, entanglement, andy,o ympjitude reflection coefficient for these modes, with
their respective links. The strongest EPR entanglement R<1. The intensity transmission coefficient is thus approxi-
date, to the best of our knowledge, is then reported. matively equal to 2. To take into account the additional
losses undergone by the signal and idler mo@egstal ab-
sorption, surface scatteringwve introduce a generalized re-
*Electronic address: coudreau@spectro.jussieu.fr flection coefficientr’'=1-x'=1-(x+u). For the sake of
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plate. When rotated relatively to the principal axes of the type-II ' dt K
phase-matched crystal, this plate adds a linear coupling between \’/2_,“
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orthogonally polarized signal and idler fields. Vacuum fluctuations
can enter the system through the output mirror or the various losses.

where c=2p/«’. A" and 8B" correspond to the vacuum

simplicity, all coefficients are assumed to be real and thdluctuations entering the cavity due, respectively, to the cou-
phase matching will be taken perfect. The influence of dif-pling mirror and to the losses.
ferent reflection phase shifts on the cavity mirrors for the One can note that the fluctuations of the pump are not
interacting waves has been detailed in R&€] in the above- coupled to the signal and idler modes in the below-threshold
threshold regime and will not be considered here. regime. It is obviously not the case above threshold and this

We assume that the signal and idler modes are close fpoint can explain in particular why the experimental obser-
resonance and denote iy and A, their small round-trip  vation above threshold of phase anticorrelations below the
phase detunings. The equations of motion for the classicaltandard quantum limit is a difficult tagi3].
field amplitudes, denoted; and A, for the signal and idler B. Variances
modes and\, for the pump, can be written as

6By, (3)
K

The fluctuations can be evaluated by taking the Fourier
transform of the previous equations which leads to algebraic

dA1 . o e equations. We introduce the paramefer wr/2«k'=w/(,
— ! (6-4) c
L =Ay(= " +1Ay) + gAA, + 2ipe' T VA, which is the noise frequency normalized to the cavity band-
width Q.. In the Fourier domain, the equations become
an * | (1-ic+2i0Q) 5AL(Q) —aa’E;(— Q) - ics AQ)
T S Al K A+ gAA + 2 OA, () e
t 5A'”(Q) 55‘“(9) 0,
where 7 stands for the cavity round-trip timeﬂ,‘(;‘ for the —_— ~ —_—
input pump amplitude, anglfor the parametric gaird andy (1-ic+2i0)6A(Q) — 06 A(= Q) —ico A (Q)
are, respectively, the birefringent phase shift introduced by or — 2
the crystal and by the wave plate. The last term of these K A'n(g)__5 BI(Q) = 0. (4)
K

equations corresponds to the linear coupling induced by the

rotated plate. From these equations and their conjugates, one can deter-

_ We V;’:." consid_er only thﬁ cz?]se vr\]/hleﬂ_ele_z_:Zp and 0 mine the variance spectra of the signal and idler modes and
=¢. At this operating point the threshold is minimu0]. N yeir correlations. We define the fluctuations of the moties
this case, the equations of motion are simpler and are writte, . o given quadrature angle and a given noise frequency

Q by

dAl N N j

T at = Ay(= K+ 2ip) + gAA; + 2ipA,, pi(p) = SA(Q)e"?+ S A (- D)e’. )

The equation of motion for the fluctuations can thus take

the following form:

d:Q = Ay(— k' + 2ip) + gAGA; + 2ipA;. 2) (1+21Q)ps(¢) = opa(= @) + c[pa(p + 7/2) + py(¢ + 7/2)]

t —
V2K in \‘/2_1“ in _
A nonzero stationary solution exists if and only if the T T 791 =0,

pump powerA,, taken real, exceeds the threshold power
equal tox’/g. We define a reduced pumping parameder _ ) _
egual to the input pump amplitude noF:maI?ze?j t% the thresh- Pa(= ¢)(1 +2Q) = 0pi() + clpo(~ ¢ + m12)
old. The below-threshold regime correspondsrta 1. \2x in \V2u in
These equations are linearized around the stationary val- ~Ppu- e+ m2)] - L AT .
ues by settingA;=A;+A;. In the below-threshold regime, _ »
the mean values &, andA, are zero. The linearized equa- where p" and p" correspond to the phase-insensitive
tions can then be written vacuum fluctuations entering the system.

=0, (©
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FIG. 2. (Color onling Angle of the minimal noise quadrature
and corresponding normalized variance as a function of the cou- (8)
pling parameter. Close to=0, the noise diverges and is phase

insensitive.0=0. 0=0.9, k=x'. The system made up of these four equations and the four

equations obtained by changifiyto —Q) gives the intracav-

_ ) ) ity fluctuations. The fluctuations of the output modes are
Whenc=0, these equations are identical to the ones of &ptained by the boundary condition on the output mirror,

traditional type-ll OPO below threshold where only the

quadratures with phasespican interact. When the plate is p?“t(Q) = V'Zpi(ﬂ) - p}”. (9
rotated, the phase dependence becomes more complica
since orthogonal quadratures are coupled.

By introducing the simplified notations Spiom(Q) = (PP Q) pH(- ). (10)

t"Ta‘He variance of a componepf" is then derived from

The variances of the uncorrelated vacuum contributions en-

a
= 1 = + A ’
Pr=Pales), s pl(qol 2) tering the system are normalized to 1.

) C. Signal and idler fluctuations

() When the plate is not rotate@d=0), the signal and idler
. _ _ modes exhibit phase-insensitive excess noise. The single-
with ¢1=7/2 andg,=-m/2, the equations of motion can be beam noise spectrum for the sigtiat the idley can be writ-

T
P2=PaAer), 2= pz( QT 5

rewritten in the form ten
) \”Z( : \\’/2_/.11 it 80'2 K
1+2Q)py-opy+c(qr—gy) ——-p1——,pr =0, =5, =1+ —.
( )pl U-pZ (Q1 q2) K' pl K’ pl Sjl Sql [492 + (O'— 1)2][4QZ+ (0_+ 1)2] K,
L (11)
Pa(1+21Q)—op+c(ap—0qy) - &pﬁ’ - &p? =0, This is not the case when the plate is rotated. The noise
K

becomes phase sensitive and the noise spectrum is given by

— — = Hp) + S, si(p) +acod2¢) (12
. 2r o \2u Se) Spl co 1
Ay(1+20) + otz + =Py = —df - —~df' =0, with

_ 4 Botollo- 1)*+40°] - 407 - 41+ + (o + D]} k.
5= [40%+ (o - 1)?][160%+ (402 - 4%+ 0° - D7 K"’

14 8o{ol(o+1)°+40% + c40° - 41 +A) + (0 - D]} «
S, = [402+ (o + 1)?[1602 + (402 - 42 + 0?2 - 1)?] &'’

_ - 80C K
4T 1602+ (402 - 42+ 2 - 12k’

(13
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Figure 2 shows the evolution of the minimal-noise Ao K
quadrature angle and of the corresponding noise power as a Spyrp, = 1 +m;- (14
function of the coupling parameter. When the coupling pa-
rameterc increases, this quadrature rotates. For strong coufhe combinatiorig; +,) is always squeezed below the stan-
pling, the minimal-noise quadrature is closer and closer talard quantum limit whilgp;+p,) is very noisy. Perfect an-
the quadratureg; andq, and the noise can be squeezed wellticorrelations are found at exact threshold in the absence of
below the standard quantum limit. additional losse$x=«’") 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

After considering the individual fluctuations of signal and .
idler modes, we st?de here the intermodal correlafcilons. Sa_(¢) = Sy -p, COS () + Sy g, SINF(¢) + 22 COL2¢)

Let us introduce the superposition modes orientetb® (15)
from the axes of the crystal,

D. Correlations and anticorrelations

where « has been defined in E¢L3) and

AL+ A A - A 2_g:2 —1)2

A= gng A= § =1 —old—dcr(o- 1]«

V2 V2 P2 1602 + (402 - 4¢% + 0% - 1) &’

It should be stressed that considering the noise spectrum of B 40[40° -4+ (0 + D% &
the sum or difference of signal and idler fluctuations is 1‘qz_1+1692+(492—4cz+ -1k’ (16)

equivalent to considering the noise spectrum of the rotated
modes. If signal and idler exhibit correlations or anticorrela- [N @ standard OPO below threshold—without a linear
tions, these two modes can have squeezed fluctuations &§8upling—the correlated quadratures are orthogonal to the
their noise spectra are given by anticorrelated ones. It is no longer the case when a coupling
is introduced. The evolution is depicted in Fig. 3. When the
1 1 pr:ate ang:le_increaseds, thed cgrrelated quadratures rotate and
S, == and S == o the correlations are degraded.
7.(¢) 25p1(¢)+p2(¢) (¢ ZSMP) Pol#) We can derive from Eqg15) and(16) a simple expres-
sion for the tilt angled of the noise ellipse,
The amount of entanglement between signal and idler can be
directly inferred_f_rom the amount of squeezing available on tan20) = — 42C _ (17)
these superposition modes. 40%2-4c?+ 0% +1
The expressions for the anticorrelations between signal

and idler modes coincide with the ones obtained in the Casﬁoiifg/r:rigngclge; ttr;]ee télt fggzli dOf Lh: dgifrz illgpasefuinc?icfrr:eof
of a standard OPO below threshold, q q

the coupling parameter.
As a first conclusion, optimal correlations and anticorre-

Syeq,=1- 4o K lations are observed on nonorthogonal quadratures depend-
7% 407+ (o + 1% k"’ ing on the plate angle. In order to maximize the entangle-

ment between the signal and idler modes, the optimal
5 90F : - : = guadratures have to be made orthogdfd]. Such an opera-
g 75t ] tion consists in a phase shift 8t relative toA,. This trans-
S 60r . formation is thus “nonlocal” in the sense of the EPR argu-
2 45r . ment: it involves the two considered modes, signal and idler,
g 30} . and therefore has to be performed before spatially separating
E 15+ . them.

0 n 1 L
o 10 T " ' ' ' " E. In terms of the covariance matrix
E The behavior of the system and the optimization of the
§ degree of entanglement can be formulated in terms of the
g 05F T covariance matrix. We recall that a two-mode Gaussian state
'g with zero mean value is fully described by the covariance
0.0 . s . . . ! . matrix I'yg defined as
0 1 2 3 4
1 g,
Coupling parameter c I pp= ( ’)fl,_’x AB) . (18)
oag VB

FIG. 4. (Color onling Angle ¢ of the minimal-noise quadrature
and corresponding normalized variance as a function of the couy, and yg are the covariance matrices of the individual
pling parametec. Q=0, 0=0.9, k=«'. modes whileosg describes the intermodal correlations. The

022313-4



EFFECTS OF MODE COUPLING ON THE GENERATION PHYSICAL REVIEW A 71, 022313(2005

181.192 0 179.808 —0.255 180.839 0 180.161 0
0 0.386 | —0.255 —0.383 , 0 0.739 0 —0.736
FA1A2 = A1Ay =
179.808 —0.255[181.192 0 180.161 0 (180.839 0 FIG. 5. Numerical example of
-0.255 —0.383| 0  0.386 0 —0736| 0 0739 covariance matrix of theA;, Ay
modes and thé\,, A modes be-
fore and after the nonlocal opera-
361 © 0 0 361 0 0 0 tion for a coupling parameter
0 0.00277| 0 0 , 0 0.00277] 0 0 €=1.5.0=0.9,0=0, k=«".
FA+A, = —_ PA+A_ =
0 0 1.383 -0.256 0 0 0.677 0
0 0 —0.256 0.770 0 0 0 1.476

elements of the covariance matrix are writtEp=(JR;dR; to obtain squeezing on orthogonal quadratures. From the ma-
+6R 6R)/2 whereRy =1 . 4={Xa,Ya,Xg,Yg}. XandY¥ cor-  trix on the A;, A, modes, one can quantify the degree of
respond to an arbitrary orthogonal basis of quadratures. ~ €ntanglement by the logarithmic negativiy. Thanks to

In order to measure the degree of entanglement of Gaus#e nonlocal operatiork, goes from 4.06 to 4.53. The maxi-
ian states, a simple computable formula of the logarithmidnal entanglement available has been extracted=gs=
negativity E,; has been obtained in Rdfl5] (see alsd16]  —109x(A1\2)/2=4.53. Let us finally note that due to the
for a general overviey E, can be easily evaluated from the strong coupling the signal and idler modes are entangled but
largest positive symplectic eigenvaldéeof the covariance also slightly squeezed.

matrix, which can be obtained from A self-phase-locked OPO below threshold can generate
very strong entangled modes when the plate angle is small

&= }(D —\VD2- 4 detl ) (199  enough. The quantum behavior of the device is very rich and

2 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-
D =dety, + detyg — 2 detopg. (200 tween the optimal entanglement that can be extracted and the
eigenvalues of the matrix. The way to find it by a nonlocal

The two-mode state is entangled if and onlyé& 1. The R S
logarithmic negativity can thus be expressed By= operation is developed._The_ next section is devoted to the
%xperlmental study of this original device.

—logy(§). This measurement is monotone and cannot increas
under local operations and classical communications. The
maximal entanglement that can be extracted from a given ll. EXPERIMENTAL SETUP
two-mode state by passive operations is related to the two
smallest eigenvalues ofl', \; and X, by EV=
—|ng()\1)\2)/2 [14]

Phase shifting of\, andA_ into A.€?? andA_e™"?? cor-
responds to a transformation of the signal and idler médes
andA, described by the matrix

_(cos(a/z) isin(0/2))
“\isin(6/2) coq6/2) )

The angled is given by Eqg.(17). Such a transformation The experimental setup is shown in Fig. 6. A continuous
couples the signal and idler modes. frequency-doubled neodymium-doped yttrium aluminum
We give here a numerical example for realistic experi-garnet(Nd:YAG) laser(Model Diabolo without noise eater

mental values=1.5,0=0.9, and()=0. The covariance ma- option, Innolight Gmbhl pumps a triply resonant type-I|
trix for the A;, A, modes and also for th&,, A_ modes are OPO, made of a semimonolithic linear cavity: in order to
given in Fig. 5 with and without the phase shift. The matrix increase the mechanical stability and reduce the reflection
of the A,, A_ modes is well suited to understand the behaviorosses, the input flat mirror is directly coated on one face of
of the device. At first, the intermodal blocks are zero, show-the 10-mm-long KTP cryst&lf=90°, ¢=23.5°, Raicol Crys-
ing that these two modes are not at all correlated and conséals Ltd). The reflectivities for the input coupler are 95% for
quently are the most squeezed modes of the system. Theretlie pump(532 nm and almost 100% for the signal and idler
no way to extract more squeezing. But one can also note théaeams(1064 nm). The output couple(R=38 mm is highly

the diagonal blocks are not diagonalized simultaneouslyteflecting for the pump and its transmission is 5% for the
This corresponds to the tilt angkof the squeezed quadra- infrared. At exact triple resonance, the oscillation threshold
ture of A_ and given by Eq(17). A phase shift of the anglé  is less than 20 mW, very close to the threshold without the
permits us to diagonalize simultaneously the two blocks angblate [17]. The OPO is actively locked on the pump reso-

with

Our experimental setup is based on a frequency-
degenerate type-Il OPO below threshold.\M 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
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Frequency-Doubled .
NA:YAG Laser |

FIG. 6. (Color online Experimental setup. A continuous-wave frequency-doubled Nd:YAG laser pumps below threshold a type-Il OPO
with a\/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 ¢oib|aé2} 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.

nance by the Pound-Drever-Hall technique: a remaining 12asily obtained by blocking the output of the OPO.
MHz modulation present in the laser is detected by reflection Orthogonally polarized modes are separated on the first
and the error signal is sent to a home-made PI controller. Thpolarizing beam splitter at the output of the OPO. A half-
triple resonance is reached by adjustment of both the crystalave plate inserted before this polarizing beam splitter en-
temperature and the frequency of the pump laser. As thables us to choose the fields to characterize: the signal and
input mirror is directly coated on the crystal, it is not pos-idler modes which are entangled, or tthé&5° rotated modes
sible to rotate the crystal in order to change the birefringencevhich are squeezed.
of the cavity. Large adjustment of the laser frequency is thus One main requirement of our experiment is to be able to
generally required. The crystal temperature is then thoreharacterize simultaneously two modes with the same phase
oughly controlled within the millikelvin range. The OPO can reference. The difference photocurrents of the homodyne de-
operate stably during more than one hour without mode hoptections are sent into two spectrum analyzéfsilent
ping. E4411B which are triggered by the same signal. The two
The birefringent plate inserted inside the cavity is choserhomodyne detections are calibrated in order to be in phase: if
to be exactlyn/4 at 1064 nm and almost at the 532 nm  one sends into each detection a state of light with squeezing
pump wavelength. As birefringence and dispersion are of then the same quadrature, the noise powers registered on the
same order, this configuration is only possible by choosing apectrum analyzers must have in-phase variations while
multiple-order plate: we have chosen the first order for whichscanning the local oscillator phase. Two birefringent plates
exact\/4 at 1064 nm is obtained, i.e., 4N¥at 1064 nm and \/2 and\/4 inserted in the local oscillator path are rotated
9.996\ at 532 nm. Very small rotations of this plate aroundin order to compensate residual birefringence due in particu-
the cavity axis can be operated thanks to a rotation mouriar to defects associated with the polarizing beam splitter. In
controlled by a piezoelectric actuatONew Focus Model other words, after this correction, the polarization of the local
8401 and tiny picomotQr 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\@2 plate rotated by 22.5°
The coherent 1064 nm laser output is used as local oscipermit one to send into the two homodyne detections states
lator for homodyne detection. This beam is spatially filteredof light with opposite phase. Then, we look at the dc inter-
and intensity-noise cleaned by a triangular-ring 45-cm-londerence fringes, which have to be in opposition. We check
cavity with a high finesse of 3000. This cavity is locked onthis calibration by sending into the homodyne detections a
the maximum of transmission by the single-pass tilt-lockingsqueezed vacuum. When scanning the local oscillator phase,
technique[18] and 80% of transmission is obtained. The the noise variance measured in each homodyne detection fol-
homodyne detections are based on pairs of balanced higlews simultaneous variations. /4 plate can be added on
quantum-efficiency InGaAs photodiodé€Epitaxx ETX300 the beam exiting the OPO, just before the homodyne detec-
with a 95% quantum efficiengyand the fringe visibility tions: when this plate is inserted, the homodyne detections
reaches 0.97. The shot noise level of all measurements &re in quadrature. In such a configuration, two states of light

B. Two simultaneous homodyne detections
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FIG. 7. (Color online Normalized noise variances at 3.5 MHz FIG. 8. (Color online Normalized noise variances at 3.5 MHz
of the =45° modes while scanning the local oscillator phase. Theof the +45° modes and inseparability criterion for signal and idler
first plot corresponds to in-phase homodyne detections and the sersrodes. The homodyne detections are in quadrature. After correction
ond one in quadrature. Squeezing is well observed on orthogonalf the electronic noise, the inseparability criterion reaches
quadratures. The resolution bandwidth is set to 100 kHz and th€.33+0.02. The resolution bandwidth is set to 100 kHz and the
video bandwidth to 1 kHz. video bandwidth to 300 Hz.

with squeezing on orthogonal quadratures give in-phase-5.5 dB. The small discrepancy with the experimental val-

squeezing curves on the spectrum analyzers. ues can be due to the presence of walk-off which limits the
mode overlap, a critical point for two-mode squeezing.
IV. EXPERIMENTAL ENTANGLEMENT From the electronic-noise-corrected squeezing values, one

) . ) can infer the Duan and Simon inseparability criterion defined
In this section, we report on the experimental results obyzs the half sum of the squeezed variancEs9,20. For a
tained for different values of the coupling parameter. As unsymmetric Gaussian two-mode state, this criterion is a nec-

derlined before, we characterize the noise of #5° ro-  egsary and sufficient condition of nonseparability. We ob-

tated modes which have squeezed fluctuations. tained a value oA =0.33+0.02, well below the unit limit for
inseparability. It is worth noting that the simultaneous double
A. Without linear coupling homodyne detection permits a direct and instantaneous veri-

In a first series of experiments, the plate angle is adjustefication of this criterion by adding the two squeezed vari-
to be almost zero. This tuning can be done by looking at thé&Nc€s: o o
individual noises which should be in that case phase insen- 1€ EPR criterion is related to an apparent violation of a
sitive. Squeezing of the rotated modes is thus expected ofeisenberg inequality21]: the information extracted from
orthogonal quadratures, as is well known for a standardn® measurement of the two quadratures of one mode pro-
OPO. Typical spectrum analyzer traces while scanning th¥ides values for the quadratures of the other mode that vio-
local oscillator phase are shown on Fig. 7. Normalized noisé?t€ the Heisenberg inequality. This criterion is related to the
variances of the45° vacuum modes at a given noise fre- Product of conditional variances/p,p Voo, <1 wherep;
quency of 3.5 MHz are superimposed for in-phase and in@ndQ; are two conjugate quadratures aviglx, the condi-
quadrature homodyne detections. One indeed observes, tignal variance ofX; knowing X,. The knowledge of the
expected, correlations and anticorrelations of the emitte@revious squeezed quadratures and of the individual noise of
modes on orthogonal quadratures. the entangled modes give the conditional variances: in the

Figure 8 gives the simultaneous measurement of the noissymmetric case, one can show thef x,=2V(X;£Xy)
reductions for a locked local oscillator phase. —4.3+0.3 and-V2(X;+X,)/V(X;) where all the variances are normalized
-4.5+0.3 dB below the standard quantum limit are obtainedo the standard quantum linfi22]. The noises of signal and
for the two rotated modes. After correction of the electronicidler modes are phase insensitive and reach 8.2+0.5 dB
noise, the amounts of squeezing reach -4.7£0.3 andbove shot noisé-ig. 11 below. We obtained thus a product
-4.9+£0.3 dB. These values have to be compared to the thef conditional variances equal to 0.42+0.05, which confirms
oretical value expressed in E(l4). By taking 0=0.9, ()  the EPR character of the measured correlations.
=0.1, k=0.025, and«’ =0.03, the expected value before de- The entanglement can be quantified by the entropy of
tection is—7.5 dB. The detector quantum efficiency is esti- formation—or entanglement of formatiaf+—for symmetric
mated to be 0.95, the fringe visibility is 0.97, and the propa-Gaussian states introduced in ReX3], which represents the
gation efficiency is evaluated around 0.99. These values givamount of pure state entanglement needed to prepare the
an overall detection efficiency of 0.950.97x0.99=0.88. entangled state. This entropy can be directly derived from the
After detection, the expected squeezing is thus reduced timseparability criterion valué by
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£=c, logy(c,) -~ c_logy(c.) @y g N i ok o
with : ¢ i . "‘”‘w\\ £
C, = (A™2+ AV, 22 5 o \ / /
From this expression, we calculate an entanglement of for-g :2 i . \\}/ . \'/ . @)
mation value of€=1.1+0.1 ebits. To the best of our knowl- 0.00 0.01 0.02 0.03

edge, our setup generates the best EPR entangled beams — 12

date produced in the continuous variable regime. Let us note@ 9| ' N I l hy ; I by
that such a degree of entanglement should correspond to 5 6 3
fidelity equal to 0.75 in a unity-gain teleportation experi- 3F §
o/ ]

Y W "

ment.

This nonclassical behavior exists also without the plate . . .
and we have obtained in that case almost the same degree ¢ = " g 0.01 0.02 0.03
entanglement. The first experimental demonstration of con-

tinuous variable EPR entanglement was obtained with such &8 | ™ ' s ' )
type-Il OPO below threshol@6]. However, the linear cou- % ¢l j’fw /"’M
= 3 / /
V Y

Noise Pow
o

pling, even for a plate rotated by a very small angle, can /f

make easier the finding of experimental parameters for which% ¢

entanglement is observed. Furthermore, the degenerate ogg -3 \/ R

eration with bright beams above threshold makes it possible® -6 : ! : : : ©

to match the homodyne detection without infrared injection 0.00 0.1 0.02 0.03

of the OPO. 12 : T " T
The entanglement of the generated two-mode state is pre-

served for very low noise frequencies, down to 50 kHz. In

ower (dB)

the experimental quantum optics field, nonclassical proper- ZMV""”\,\ ,N"M“»\ ,/“M 1

. . . >

ties are ggnerally reported in the megahertz range—as is theg P oo "\/Lw,/w N
case in this paper up to now—due to large classical excessz . . l @
noise at lower frequencie24]. Experimental details and 0.00 0.01 0.02 0.03
possible applications of these low-frequency results are re- Time (s)

ported in[25].
FIG. 9. (Color online Normalized noise variances at 3.5 MHz
of the =45° modes while scanning the local oscillator phase for
B. Results as a function of the linear coupling different coupling parameters=(a) 0, (b) 0.35,(c) 0.85, and(d)
The two-mode state generated by the OPO is then charl—'g' Dark lines correspond to.tm mOd? and light ones to thé, )
. . - mode. The homodyne detections are in quadrature. The resolution
acterized for d'ﬁerent angles of the plate. The coupling Pahandwidth is set to 100 kHz and the video bandwidth to 1 kHz.
rameterc is easily evaluated from the angteof the plate
and the transmission coefficiertof the output mirror and ) . _
lossesu in the cavity asc=2p/(k+ ). As written in the last ~ CT€ases. Figure 11 gives the phase dependence of the signal

section, « is equal to 0.025 ang is evaluated to be 0.005. and idler modes for the same four coupling parameters as in

We use the in-quadrature setup of the homodyne detectiorld9: 9.
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- When the plate is rotated, squeezing is no longer observed
creasing coupling parameters the normalized noise variancem orthogonal quadratures. Thus, as shown in Sec. I, the
of the rotated modes while scanning the local oscillatorEPR entanglement is not the maximal available one. In order
phase. In Fig. 10, we give the experimentally measured tilto extract the maximal entanglement, one has to perform a
angle # and associated noise variance as a function of th@hase shift of the\, andA_ modes. Such an arbitrary phase
coupling parametet. One can check on the figure the valid- shift can be done thanks toXd2 and ax/4 plate added at
ity of the theoretical expression af given in Eq.(17). We  the output of the OPQFig. 6).
observe that the squeezing of the mode decreases but Figure 12 gives the normalized noise variances of the ro-
more slowly than expected. We also note that the squeezingited modes for a coupling parametsr0.35, before and
of the A, mode slightly decreases while this noise reductionafter the phase shift. The homodyne detections are operated
is theoretically independent of the coupling. in guadrature so that squeezing on orthogonal quadratures is
The noise of the signal and idler modes also depends oobserved simultaneously on the spectrum analyzers. After
the presence of the plate as demonstrated in Sec. Il. Thide operation is performed, squeezing is obtained on or-
individual noises become phase sensitive, and even squeezgbgonal quadratures as in a standard type-Il OPO without
below the standard quantum limit, when the coupling in-coupling.

C. Optimization of EPR entanglement by polarization
adjustment
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100 —— . . . . : T . : ;
1.0 4
— 80 B
;igb 2 FIG. 10. (Color online Mea-
8 Or T § 08F 1 sured tilt angled and noise vari-
E § ance as a function of the coupling
@ 40F 1 g parametec, for the A- mode. The
g L2 06} 1 . . . .
= Ll | 2 black lines give theoretical predic-
) tions calculated from Eqs(17)
ol ] 04l + 1 and(15) for 0=0.9 andQ=0.1.
0 1 > 3 s 0 1 2 3 4
Coupling parameter ¢ Coupling parameter ¢
V. CONCLUSION a very rich and interesting behavior in terms of squeezing

) ) and correlation properties. Quantum correlations and anticor-

A self-phase-locked type-Il OPO associates with the usuale|ations of the signal and idler modes are obtained on non-
nonlinear coupling between the signal and idler modes a linprthogonal quadratures depending on the angle of the plate.
ear mixing by the way of a rotated quarter-wave plate in-Furthermore, by a suitable change of polarization, the en-
serted inside the optical cavity. We have demonstrated theaanglement can be maximized and put into standard form,
retically and confirmed experimentally that this original i.e., correlations and anticorrelations on orthogonal quadra-
device generates a two-mode nonclassical state that exhibitisres. The observed entanglement has been characterized in
terms of covariance matrix and logarithmic negativity.

The experimental investigation of this original device re-

o 12

%’, 9 quired the set up of two simultaneous homodyne detections.

fg 6F -, : Y q We have detailed the operation of the system as a function of

s 3 4 4 oS A the coupling parameter, for the signal and idler modes which

o 0 7 i are entangled as well for the45° rotated modes which have

= 'z o . . Y@ squeezed fluctuations, and found the experimental behavior
"0.00 0.01 0.02 0.03 consistent with the theory. In the case of a very small cou-

_ pling, we have reported what is to our knowledge the best

g entangled beams ever produced in the continuous variable

5 regime. A value of the inseparability criterion as low as

g 0.33+0.02, well below the limit of unity, is obtained. This

= e - - entanglement corresponds to a value of the entanglement of

'é 3F B o formation of 1.1+0.1 ebits. We also achieved EPR entangle-

ment and squeezing at very low noise sideband frequencies
down to 50 kHz[25].

m

o ~ 12 T T - ; .

= % 9 M //,N\‘ /,,/V"A‘“\ |

FRVARVIAY,

Q o

4 A~ 0 /

= 2

Z 5 3r \I/ \\/ \/ ]
Z _6 1 1 L 1 1

R 0.00 0.01 0.02 0.03

3 ~ 12 . . . ;

S~ ” 0y

5 G o e P e §

g 5 6 % / % LY

g o r / ; 7

R g 3L \\ / \ ’ A

% Do-q ) /’ \ / \

5] Q / A

4 5 3t \ v VA
Z -6 A 1 A I N

Time (s) 0.00 0.01 0.02 0.03

Time (s)
FIG. 11. (Color online Normalized noise variances at 3.5 MHz

of the signal and idler modes while scanning the local oscillator FIG. 12. (Color online Normalized noise variances at 3.5 MHz
phase for different coupling parametecs:(a) 0, (b) 0.35,(c) 0.85, of the rotated modes while scanning the local oscillator phase for a
and(d) 1.8. The black dotted lines correspond to the noise power oroupling parameter=0.35, before and after the nonlocal operation.
the difference of the two modes. The homodyne detections are ithe homodyne detections are in quadrature. After this operation,
phase. The resolution bandwidth is set to 100 kHz and the videsqueezing is observed on orthogonal quadratures. The resolution
bandwidth to 1 kHz. bandwidth is set to 100 kHz and the video bandwidth to 1 kHz.
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