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Spatial Structure of a Squeezed Vacuum
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We analyze the quantum properties of the single near field emitted by a degenerate parametric oscilla-
tor below threshold, including diffraction and its effects on the threshold for signal generation. The field
is probed by a local oscillator field of arbitrary spatial configuration. The results are expressed in terms
of an appropriate spectrum which describes how the level of squeezing varies with the angle from the
direction of propagation. The results hold for cavities both with plane and with spherical mirrors.

PACS numbers: 42.50.Dv, 42.65.—k

The concept of the squeezed vacuum plays a key role in
the field of squeezing, i.e., of the states of the electromag-
netic field which present, for the appropriate observables,
a level of quantum noise reduced with respect to coherent
states. However, the issue of the spatial structure of
squeezed vacuum states has not yet been elucidated,
mainly because it requires one to combine the field of
squeezed states [1] with that of transverse optical pat-
terns [2].

As a matter of fact, the theoretical analyses of
squeezed states generation have been performed usually
in the plane wave approximation. The exceptions are re-
markable but still quite limited in number. Kobolov and
Sokolov [3] analyzed the spatiotemporal correlations in
the homodyne detection of the field generated by an opti-
cal parametric amplifier, and discovered the possibility of
photon counting statistics regular not only in time but
also in space. La Porta and Slusher [4] studied a para-
metric amplifier pumped by a Gaussian beam, and pre-
dicted limits in the degree of squeezing that arise from
spatial distortion of the signal beam. Castelli and one of
us [5] considered the quantum properties of the optical
spatial patterns which arise spontaneously from diffrac-
tion when a Kerr medium contained in a resonant cavity
with plane mirrors is driven by a plane wave field, and
predicted quantum noise reduction in the intensity dif-
ference between the two signal beams which represent the
far field configuration of the near field stripe pattern.

In this paper we consider the simplest model of a de-
generate optical parametric oscillator (OPO) which in-
cludes diffraction and, by introducing appropriate con-
cepts, we provide a description of the spatial structure of
the squeezed vacuum state in the near field emitted by
this system [1,6]. We derive the formulas which express
the quantum fluctuations of the field detected in a bal-
anced homodyne scheme, with a local oscillator field
(LOF) of arbitrary spatial configuration. Our results are
affected by the instability which gives rise to signal gen-
eration. For the appropriate sign of the detuning param-
eter, the instability threshold is lower for off-axis emission
than for axial emission [7]; in this case the signal beam
above threshold corresponds to a spatial pattern instead
of a plane wave [7].
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In this work, however, we consider only the OPO below
threshold, in the approximation in which the complete
quantum model (including both signal and pump fields) is
linearized around the semiclassical stationary solution.
In this case, the complete model reduces to a simpler
quantum model which involves only the signal field, while
the pump field appears only as a classical quantity equal
to the stationary semiclassical value.

In the first part of the work we assume that the reso-
nant cavity which contains the nonlinear crystal has plane
mirrors. In addition, the coherent driving pump field in-
jected into the cavity has a plane wave structure. We as-
sume conditions such that only one longitudinal mode of
the cavity is relevant. In order to avoid difficulties arising
from a continuum of transverse modes, we consider in the
transverse plane (x,y) a square of side b and we assume
periodic conditions for the field. Hence the field envelope
operator for the field can be expanded in terms of an
orthonormal basis as follows:

A(xvy)=b=zlzzam‘fm‘(x,J/), (1a)
'= 25 [cos(ky- x), for i=1,
S0 = T sin(ke-x), for i=2, (1b)

where x(x,p), kn=27n/b, n=(ny,n,), n,=0,1,2,...,
n,=0,x1,%x2, ..., s,=0 —6,,”05,,”0)/2, and the oper-
ators api, a; obey the commutation rule [apn;af]
=0n,n'0;,i. In the case ny =n, =0 only the option i =1 is
possible.

In the paraxial approximation, in which the transverse
components Ky, kqy of the wave vector are much smaller
than the longitudinal component &, the frequency of the
mode k, is given by

ck?
2k,

where wg is the frequency of the axial mode n=1(0,0).
The k-dependent contribution in Eq. (2) originates from
the transverse Laplacian, which describes diffraction and
governs the spatial effects in nonlinear optical systems

[21.

The model is formulated in terms of a master equation

wr =wo+ k=lkn| s 2)
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for the density operator p of the multimode system. By
adopting the picture in which the frequency w; of the sig-
nal field is eliminated, the master equation reads

dp _
i l; 2 Anip—

where the Liouvillian Ay, is given by

—[H0+Him,p] , 3)

Anip =¥silanip,adil + lani,palil} “)

and y, is the cavity damping rate of the signal field. We
have, furthermore,

=2 Y yMadian, (s)
i=1,2 n
b/2  pbl2
el t 2__ 42
Hin lh f b/2f b/zdxdy {laTCe,p)12—A%(x,p)}
—-lh— Y Ylatd*— @), (6)
2 i=12"n
where Ay =(w; —w,) 7y, ' and Ap is the amplitude of the

plane wave pump field (taken real and positive for
definiteness) multiplied by the coupling constant of the
interaction. Thus, the model describes the dynamics of
infinite, independent, single-mode degenerate OPO’s.

The semiclassical equations for the c-number quantities
an; and aIi which correspond to the operators a,; and a:.ri,
respectively, read

¥s g =— (U +iA) ani + Apal; (7a)
ys lami=—U—iADak+ Apag; , (7b)
where Ap=Ap/y;. The stationary solution an; =0 be-

comes unstable beyond the threshold for signal genera-
tion, and the instability is indicated by the fact that some
solutions of Egs. (7a) and (7b) for at least one choice of
the indices n and i diverge for t— oo. As shown in [7]
the instability threshold corresponds to the case Ap=
+AZ, where A# indicates the minimum value of A? when
k is varied from 0 to oo. Using Eq. (2), one sees that
when A9p=Ax=0= 0, the instability arises in the axial
mode n=(0,0) for A% =1+A4, whereas when Ag =< 0 the
instability arises in the off-axial modes with modulus of
the transverse wave vector k.= (—2k,ysA0/c)"? for
Ap =

In this paper we analyze the quantum properties of the
near field, immediately out of the cavity. In a balanced
homodyne detection scheme (Fig. 1) one observes (see,

g., [4,8]) the difference between the intensities of the
two fields B, =(1/v/2)[A(x,y)+ia;(x,p)] and B,=(/
V2)LA(x,p) —iay (x,p)], where a;(x,p) is the ampli-
tude of the coherent LOF, which has the same frequency
of the signal field. The intensity difference corresponds to
N '/ZEH where

Ey=i(4}—Ay), Ay=G.lA],

(8)
b/2 b/2
f b/2f b/dedylaL(x,y)P,

B2

(CAVITY)

M ay,

FIG. 1. Balanced homodyne detection scheme. The mirror
M has transmission and reflection coefficients ¢ =1/2 and
r=i//2, respectively.

here and in the followmg we indicate by G, the operation
GLlf1=N 120812, (412 hdx dy af (x,y) f(x,y). Hence
the homodyne detection operates the projection G, of the
field 4 onto the local oscillator field and selects its quad-
rature component Ey.

By taking into account that [4 (x,y) ATyl =6(x
—x')8(y —y") one has that [4y,44]1=1. Possibly, the
function a; (x,y) may also take into account the precise
shape of the detected region.

In the observation of squeezing one measures the spec-
trum of the fluctuations of the homodyne field, which is
given by [9]

S(0) =F(Ey()SEL(0)D], (9)

where Folg(z)] indicates the operation 2y,fXadr

xexp(—iwt)g(t), : : means normal and time ordering, ()

denotes the mean value in the stationary state, and

SEy=Ey —<{Ey). With this definition the shot noise lev-

el corresponds to S =0, and S(w)=—1 corresponds to

complete suppression of quantum noise at frequency w.
By using Egs. (8) and (1), we obtain

S(w)= Zl 2an,pn i Fol(:640;(1)8A57(0))],  (10a)
Api=ilal;explion;) —aniexp(—iea)], (10b)
pniexp(—ien) =Grlfnil. (10¢)

The expressions (10) are general and hold whenever the
field has the form (1). In the specific case of the model
(3) we can take advantage of the fact that the various
single-mode degenerate OPOs are independent of one
another, i.e., the time correlation function (10a) vanishes
unless n=n' and i =i'. Thus we obtain

S(w)=.2122p,2.,-S..,-(k,w), (11a)
Sm'(k,w)=f7m[(25An,'(l)6An[(O)Z>] . (llb)

It is easy to verify that X;=1 22002 =1. Hence the spec-
trum S(w) is expressed as a combination of spectra (11b)
for the individual single-mode degenerate OPOs. These
spectra are well known and, indicating ® =w/y;, read
[10] as
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Snilk,0) =44p[(1+A} — A3 —@°)2+4@°] ~'{24p —Rel(1 + @2 — AF+ A} — 2i A dexp(—2ien)1} . (12)

Clearly S(w) depends on the configuration of the LOF which probes the squeezing properties of the near field. The pro-
jection (10c) of the LOF onto the modes fn; determines both the coefficients p in the superposition (11a) and the
phase #,; which must be taken in the individual spectra. Let us now focus on the case that the LOF corresponds to a
single-mode configuration, i.e., az =N "2fpiexp(i¢n;), so that S(w) =Sy (k,®). If, in addition, the phase ¢ is selected
in such a way that the squeezing is optimized for w=0, i.c., if exp(—2i¢n;) = —A}+A3+2iA)[(1 —A}+A47)°
+4A2]1 712, §,:(k,») becomes independent of i and equal to

Soptlk,0) =02A4p = [(1+ A% — 43)2+ 44312 — 5> (1 = A+ AP +AE— AP) 2+ 4431 V3

x44p[(1+AE— AR — &) 2 +4a2] " . (13)
The “continuum’” limit b — oo can now be taken straight- |
forwardly and Eq. (11a) becomes V3 [cos(k-x). for i=1
+oo mtoo Svi=——1". ’ o b’
Sw)= X f_m f_m dkydk, ptiSi(k,0),  (14) Lo {sm(kw), for i=2, (10

i=1,2
where S;(k,w) and py; are still given by Egs. (12) and
(10c), with n replaced by k, and with the functions fy;
replaced by

and with the integrals in G extended from — oo to + oo,

Figure 2 shows the behavior of the optimized spectrum
(13). This spectrum describes how the squeezing, ob-
served using a single-mode LOF, varies as a function of
the transverse wave vector k of the LOF, i.e., how the lev-
1. el of squeezing varies with the angle k/k, from the direc-
tion of propagation [11]. We consider both the resonant
case Ag=0 [Fig. 2(a)] and the nonresonant case Ag= —1
[Fig. 2(b)]; in both cases we focus on the threshold for
signal generation Ap=1 (of course the threshold case
should be considered as the asymptotic limit of the below
threshold situation). The complete squeezing occurs at
zero frequency for kK =0 when Ag=0 and for k =k, for
Ao= —1. Figure 3 details the squeezing at zero frequen-
cy, and shows the existence of a range of values for k in
which the level of squeezing varies slowly.

Let us now pass to the more realistic case of a cavity
with spherical mirrors. For the sake of simplicity, let us
assume the following.

0‘840 0:5 1:0 1:5 2:0 2:5 3?0 315 4.0
k
FIG. 3. The curves show the spectrum of squeezing (13) for
FIG. 2. The spectrum of squeezing (13), with changed sign, =0, with changed sign, as a function of k =k/(2k. ys/c) " for
is graphed as a function of @ =w/ys and k =k/(Q2k,vs/c)'? at the same values of the parameters as Fig. 1; solid line: A¢o=0;
the instability threshold Ap =1 for (a) Ag=0 and (b) Ag=—1. dashed line: Ag= —1.

3870



VOLUME 70, NUMBER 25

PHYSICAL REVIEW LETTERS

21 JUNE 1993

(1) The Rayleigh range of the cavity for the signal field is much larger than the length of the crystal, so that the
transverse structure of the Gauss-Laguerre orthonormal modes is given by [12]

| ' 1/2 1/2

. = p: r !
Spii(r, @) Q)7 | (4D [ZW L)
where p,/ =0,1,2,..., i=1,2, r, and ¢ denote the radial |

and the angular variables in the transverse plane, w is the
beam waist, and L,’, are the Laguerre polynomials of the
indicated indices.

(2) The cavity mirrors are completely transmitting for
the pump field, which therefore can be assumed again to
have a plane wave configuration.

Under such conditions, the field can be expanded as
follows:

oo

A(x’y)= Z Z aplifpli(r,W), (16)
i=1,2 p.I=0
with [apl,-,a,f',',-'] =38, p01,r8; . The mode frequencies are
given by
w,,,=(u00+(2p+l)§, (2')

where the parameter ¢ depends on the mirrors’ separation
and radius of curvature. Equations (3)-(6) remain un-
changed provided that the index n is replaced by p/,wq by
woo, and ck 2/2k; is substituted by (2p +1)¢.

By defining the detuning parameter Ay/(w, —w;)ys "
one finds again that for Agp= 0 the instability arises in
the fundamental mode p=I/=0 for Af=1+Ag; for
Ago <O it arises in the higher order modes such that
Qp+1)¢y, ' =—Ag for Ap=1. The spectrum of the in-
tensity fluctuations of the homodyne near field is given by

oo

S(w)= Y Zop,%/,-S,,u(w), a7)

i=12p, =

where

oo 2r
ppiiexpliep) =N~ 1/21; rdrj; de fpui(r.e)af (r,e)
(18)

and Sy (w) is given by Eq. (12) after replacement of A
by Apr and ¢y by @pii.

The results of (17) and (18) are independent of the po-
sition on the longitudinal axis z where the homodyne
detection takes place, because the Gauss-Laguerre modes
vary with z in the known way and remain orthonormal
[12].

In this way, with the exception of the passage to the
continuum, the previous results have been generalized to
the case of a cavity with spherical mirrors, which lends it-
self to an experimental observation of the spatial struc-
ture of the squeezed vacuum, predicted in this paper.
The discussion of the elements which can degrade the lev-
el of squeezing in an experiment is beyond the scope of
this paper.

Central to our analysis is the idea of using a LOF with

2
r r
2— |exp| ——5
wz] p[ w?

a1s)

2 | |cos(le), for i=1,
sin(l¢), for i=2,

arbitrary spatial configuration to explore the spatial prop-
erties of the squeezed states. If the LOF has a TEMgo
structure the squeezing coincides with that predicted by
the plane wave theory [10]. If, instead, the LOF has the
configuration of a higher order mode, the level of squeez-
ing changes because one probes different directions in the
emission. When the detuning parameter Agg is negative
the squeezing is largest in some appropriate off-axial
directions, as shown in Figs. 2(b) and (3).
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