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Spatial Quantum Signatures in Parametric Down-Conversion
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We calculate the normal and time ordered spatial intensity correlation function of the signal
field in a degenerate parametric oscillator below threshold, with spherical mirrors. In the far field,
it exhibits a two peak structure, and the correlation is maximal between points opposite each
other with respect to the axis of the system. This feature provides direct spatial evidence of the
twin photon emission, and identifies states of the radiated field with local nonclassical squeezing
properties. [S0031-9007(97)02726-9]

PACS numbers: 42.50.Dv, 42.65.—k

The fundamental character of the twin photon emissiommirrors (i.e., the Rayleigh range of the cavity is much larger
in parametric down-conversion is well known. The pumpthan the cavity length) Ep has a plane wave configuration
photons are split into pairs of photons called signal andit is not reflected by the cavity mirrors) and, due to the
idler that are highly correlated both in time [1] and in pho-intracavity medium with & nonlinearity, via parametric
ton number [2,3], and can be entangled in polarization [4]down-conversion generates a signal fidldf frequency
The quadrature phase amplitudes of the signal and idlap,. Mirror M, is totally reflecting, and the input/output
beams shown an Einstein-Podolsky-Rosen (EPR) paradarirror M, has a high reflectivity for the signal field, with
for continuous variables [5]. All these features exhibit inrespect to which the cavity supports the Gauss-Laguerre
the best way the particle aspect of electromagnetic radianodes [9]

tion, and are of quantum nature. _ 7 i1(z/20) [P /w(2)?]=0,,(2)]
The aim of this article is to identify some prominent Soiilr, @.2) = S 2)e

spatial aspects in the twin photon emission. We con- {cos(hp), i=1,

sider a degenerate optical parametric oscillator (OPO), sin(lep), =2,

with spherical mirrors. Below threshold, the signal field 3 2 Iy 2,2 /2
is purely generated by quantum fluctuations. The average f,(r,z) = s / ! ‘ [ 2}
intensity distribution corresponds to a wide spot with ro- w(z) (200) (p + D!'Lw()
tational symmetry, which does not show any corpuscular % ,< 2r2 ) — /w2y

aspect. However, our recent analyses of quantum images P\ w(z)? ¢ ’

[6,7] have shown that a spatial correlation function is able h =012
to reveal structures where the average intensity distripu?1€r€r-¢ = 91,2,

tion is structureless. _ v o,
The spatial intensity correlation function in the OPO w(z) = woyl + (2/20), 20 = mwo/A, (1)
below threshold has been calculated in [7] for the near

— -1
field. However, the particle aspects emerge only in the Op = Q2p + 1+ Dig" (z/20), (2)
far field [8]; as we show in this paper, the examination of 5 he longitudinal coordinate (Fig. 1y, = v/x2 + yZ,
the spatial correlation function of the intensity in the far , 5 he angular coordinate in the transverse plang,

field allows one to find the spatial quantum signature wey,q 20 denote the beam waist and the Rayleigh range,

are looking for. _ _ __ respectively, and is the wavelengthL!, is the Laguerre
~ Acoherent and stationary fiel, of frequency2w;, is polynomial of indicated indices. The mode frequencies
injected in a cavity (Fig. 1) with spherical and quasiplanarg ¢ given by

wp = w0 + 2p + D7, 3)
i where the intermode frequency spacinglepends on the
1@ ‘ z curvature of the mirrors and on their distance [9]; modes
E, E, y with the same value dfp + [ are frequency degenerate.
—_ —_— We use a single longitudinal mode model [6,7] formulated
< | in the paraxial and mean field approximations, in which
Aoy ‘ the intracavity signal fieldA(x, ), with X = (x,y), is
1 ‘ independent of and can be expanded as follows:
lVII M2
. . . A(;’ t) = A(I", QD’I) = Z aﬂli(t)fpli(r’ $,z = O) ’ (4)
FIG. 1. Scheme of the system,,, is the signal field. i

2092 0031-900797/78(11)/2092(4)$10.00  © 1997 The American Physical Society



VOLUME 78, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MRcH 1997

where ap,l-,a;,,- are the annihilation and creation op- and Ap = gEp/y, where g is the coupling constant,
erators of photons which obey the commutation ruleproportional to the susceptibility®, and Ep is the
[apli(t)’a;’l’i’(t)] = 8,,8118; . Neglecting pump de- amplitude of the pump field, treated as a real number.
pletion, as it is legitimate below threshold, the density In the following, we will consider three quantities
operatorp of the signal field obeys the master equation inwhich refer to the signal field out of the cavitl.; they

the interaction picture [6,7]: are (1) the average intensity distributi@itx, z, )), with
‘i_p — %[H,p] + > A, (5) 1,2, 8) = Adu(%, 2, DAou(F, 2,1) (10)
t 1 .
Pl By taking into account the input-output relation of the
where the decay tern;s, , . cavity [10], one obtains
Aplip = 7(2aplipap1i — pPAapidpli — apliaplip)s (6) 2
: : : : - Z 2 Ap
contain the damping ratg of the signal field, and the ~ ((G.z.0) = ¥ D [Fp(r. ) PF——7—. (11)
Hamiltonian is given by P, 4
H = Hfree + Hin, (7)  whereA,; = (0, — w,)/y. (2) The space-time inten-
with sity correlation function
Hiree = h Z (wpii = ws)a;liaﬂli > 8 G2, 6%, 2,1) = (:81(%, 2,081 (', 2,1)), - (12)
] pobi where 61(x,z,t) = I(X,z,t) — (I(X,z,1)), and :: :: de-
Hyy = iy A, Z[(GTH)Z - d2,], (9) notes normal and time ordering. The explicit expression
2 o P | of G turns out to be

G(x,z,m;%,2,0) = yzﬂ%ezm[

s Foi(r,2) Fru(r',z) codl(e — ¢')]
< 1— Ap + A
2

% eZi()m(Z)[% Sinh(8 | 7]) + ap cosl{épllfrl)}
pl

[ e Foi(r,2) Pl 2) codl(e — @) (Sinh(8 7)) ?
" ﬂ”[% 1 — A} + A < 5, " COSK‘S”’M))} :

(13)

where 7 = yt, a, =1+ iA,, By = ﬂl% — Af,l + | 3, scaled versions a andG are plotted as a function of
iAy, 8, =+ A} — A2, (3) The spectrum of the x'/w(z), keeping the first point fixed.
spatial intensity correlation function Figures 2(b) and 2(c) display the equal time correlation
+o0 _ function G(x,z,t;x',z,¢) in the near field and in the
G(X,z;X 7, w) = [ dte '“'G(x,z,t;%',2,0). (14) far field, respectively. The first one is peakedxat=
- ) ) X, which is the standard configuration for a spatial
All the averages are calculated in the stationary stat@orrelation function. On the other hand, the far field
of the degenerate OPO below threshold. Because Qfpnfiguration exhibits a dominant peak for= —%, i.e.,
translational symmetry in time, the average (10) does NQfhen the two points are opposite to each other with
depend ont, and G depends only or{t — '); due t0  yegpect to the axis of the system. This feature can be
rotational symmetry(; andG depend only orp — o' easily linked to the circumstance that, since Egs. (5)—(9)

The mean intensity distribution, shown in Fig. 2(a), gescribe a Gaussian stochastic process, one has
corresponds to a wide spot with cylindrical symmetry.

When plotted as a function of the scaled transverse G(%,z,1:%,2,1) = (Af (X, 2, DAT(F, 2, 1)
coordinatesx/w(z),y/w(z), it is independent ot; the X AA (3 7 DA (R 7 1
same holds true for the correlation function when the OPO < ‘;‘“(i 2 1) OUtEx’Z’ )
is below but close to threshold, because the dominant + (Aout(X, 2, ) Aoui (X', 2, 1))
contribution toG arises from the frequency degenerate < AL G DA Rzt 15
family of modes which is closest to resonance with the (Ao, 2, DAou(x, 2.0, (15)
signal field frequencyw; [7], and the propagation phase where the two contributions correspond to the two parts
shift 6,,(z) [see Eq. (2)] is the same for all these modes. at the right-hand side of Eq. (13) fer= 0, respectively.

The interesting case is when the OPO is below threshfhe second one is phase insensitive and is independent
old enough, so thatr is built up by the contribution of of z when expressed as a function ©fw(z). The first,
several families of Gauss-Laguerre modes. In Figs. 2 anghase-sensitive contribution arises from the two photon
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FIG. 3. Temporal Fourier transforgiw(z)*/y [see Eq. (13)]
of the spatiotemporal intensity correlation function for
w =0, 1]/’)/ = 0.1, AO() = —0.5, Ap = 0.5; (a) Z/Zo <1,
20 (b) Z/ZO = 40.
structure of the spatial correlation function in the far field,
Q) which provides the spatial signature of the signal-idler
o correlation we were searching for. Next, we demonstrate
~E = that this two peak structure, with the peakxdt= —x

FIG. 2. (a) Average intensity distribution of the signal field higher_ the_\n the peak ai”_ =1 is a quantu_m effe(?t.
for n/y = 0.1, Ag = —0.5, A, =05. (b), (c) Equal To this aim, let us consider two symmetrical regions

time spatial intensity correlation functioGw(z)!/y* [see R(X) and R(—X) centered at the two pointé and —X,
Eqg. (12)] for the same parameters as in (a), andzfl) < 1, respectively, and the difference between the number of
(€) 2/z0 = 200. photons collected in the two regions during the time

interval Az, i.e.,
character of the interaction and is dominant over the

second. It corresponds to a peak fdr= x in the near N >

field, which is exactly shifted to the opposite side when Al(x,2) = ] dil-(%,2,1), (16)
z/z0 — . Form/y < 1, the qualitative shape shown in
Figs. 2(b) and 2(c) is independent of the positioand of
the values ofAyy and A p (provided that the OPO is not
too close to the threshold region).

The spectrunG(x, z; ¥/, z; w) of the spatial correlation
function exhibits qualitatively the same behavior @s
Fig. 3 shows howi changes whenp varies from the near
to the far field. In comparison witl;, the peaks are
less narrow and, in the far field, the difference between
the sizes of the autocorrelation pe&k = x) and the (b)
anticorrelation peakx’ = —X) is smaller.

The emergence of the peakédt= —x is linked to the
fact that the far field shows the particle aspect of radiation <> <>

(a)

[8]. Asshown by Fig. 2(a), there is no privileged direction
of emission for the photons of the signal field. However
they are emitted as pairs of twin photons: If a photon is
emitted in the directiorz in Fig. 4(a), a twin photon is
emitted in the direction in order to preserve the transverse
momentum; hence maximum correlation with poinfs  F|G. 4. (a) Twin photon emission in the OPO. (b) Shape of
shown by poind. This is the physical interpretation of the the regionsk(¥) andR(—Xx).
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R 5 - that there is a definite quantum correlation between the
I-(X,z,1) = ]R(})d o /;(_})d X points of the transverse plane opposite with respect to
the axis of the system. They hold also in the case of a

quasiconcentric cavity.

In conclusion, we have shown that the far field configu-
ration shown in Figs. 2(c) and 3(d) carries a precise quan-
tum signature, and provides emphatic spatial evidence of
the twin photon emission in the OPO. Our figures refer
to the correlation function of the intensity fluctuations,
but similar results can be obtained by considering a bal-
5 . anced homodyne detection [12] instead of a direct detec-

(AI7(x, 2)) = 2{Ato(I(%, 2,0)) tion of the signal field. In this case, one observes the
+ A2 [G (%, 2,0, %, 2,0) quantity {exp(—i0)Aou(X,z, 1) + H.c}, where 6 is the
. . phase of the local oscillator. Considering the total number
— G(X,2,0;=x,2,0)];. (18)  of photonsV (%) which cross a finite regioR (¥) in a homo-
_ _ _ o _ dyne detection scheme, we found that, for an appropriate
The first term is the shot noise contribution and, by simplggcal oscillator phas@, the fluctuations in the difference
inspection of Fig. 2(c), one sees that the expression bey(z) — N(—x) are below shot noise, and the same holds
tween square brackets is negative, in the far field, begye for the SUNN(¥) + N(—=%)whend = 6 + 7/2. On
cause the peak @ for X’ = —x is much higher than that the pasis of these results, which will be discussed in a fu-
for ' = x. Therefore the fluctuations ak/ arebelow  tyre publication, we are presently investigating the exis-
shot noisewhich is anonclassical squeezing effedton-  tence of a precise EPR paradox for continuous variables in
versely, in the case of a classical field the fluctuations arghjs system, which would correspond to an even stronger
necessarily above shot noise, hen@ér, z,0; x, z,0) > guantum signature.
G(x,z,0;—X,z,0), i.e., no classical field can exhibit a e thank C. Fabre and S. Schiller for very stimulating
far field intenSity correlation function with the Shape of discussions. Research done in the framework of the
Figs. 2(c) or 3(b) [11]. Networks “Nonclassical Light” and “Quantum Structures”

The amount of squeezing in Eq. (18) is quantitativelyof the DGXII. of the European Union.
irrelevant, because the shot noise is larger than the rest

by a factor[yAto/w(z)?]"! < 1. In order to obtain a
significant squeezing effect, we must consider the spectrum
of the fluctuations of the intensity difference,

X ANG 2 DA (F 2. (A7)

Because of symmetrylAI) = 0 but, due to quantum
fluctuations,{A7?) # 0. For yAt < 1, and when the
regionsR(x) and R(—Xx) are so small that the integrand
is nearly constant over each of them, callmmdhe area of
R(%), one has
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