
VOLUME 65, NUMBER 15 PHYSICAL REVIEW LETTERS 8 OCTOBER 1990

Transverse Quantum Correlations in the Active Microscopic Cavity
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A microcavity technique is adopted to investigate, we believe for the first time, the process of trans-
verse interatom quantum correlations taking place after photon emission, according to the plane-wave

QED photon-delocalization model. We find that the QED model is indeed verified but that it is general-

ly limited by the nonideal cavity properties. The concept introduced here of "transverse quantum-
correlation length" is of fundamental relevance to all kinds of Casimir-type vacuum-confinement pro-
cesses, including "anomalous" QED effects in spontaneous emission. It also sets a limitation on the per-
formance of the "thresholdless laser, "a device of actual scientific and technological interest.

PACS numbers: 42.50.Fx, 03.65.-w, 12.20.Fv

Anomalous vacuum-confinement dynamical effects in

the context of optical spontaneous emission (SpE) and
stimulated einission (StE) by an active microscopic cavi-

ty (microcavity) have been reported recently. ' It was
shown that the low-dimensional modal structure of the
field in the microcavity determines the striking effects on
the atomic SpE lifetime and a peculiar "thresholdless-
laser" effect. This last effect, due to the virtual elimina-
tion of the predominant source of cavity damping related
to mode competition, realizes for the first time in an opti-
cal system the deterministic one-degree-of-freedom limit
of the statistical "mode reservoir" in StE field-atom in-

teractions. The unusual properties of the zero-thresh-
old microlaser have recently attracted a great deal of in-

terest due to its technological importance in the field of
integrated active semiconductor devices. 4

While reporting in Ref. 2 the first realization of this

device, we emphasized there the gain properties of the
system in which the excited atoms, being actively cou-
pled to the same cavity mode, cooperate in StE due to

the QED photon-delocalization model. According to this
model, first introduced by Einstein, after atomic deexci-
tation the photon field undergoes a plane-wave delocali-
zation with definite momentum p hk. While this is

certainly true in idealized conditions, as we shall see, in

the present work we demonstrate that the cooperation
effect is actually limited by the damping properties of
the Fabry-Perot (FP) microcavity, i.e., by its limited
finesse f. Furthermore, we find that this inhibition
effect is increasingly larger for increasing quantum
confinement, reaching its maximum at the minimum
"SpE-enhancement" cavity spacing, 1=Nd, d=—A/2, i.e.,
for N l. In our experiment the extent of the "trans-
verse" (i.e., acting along a direction orthogonal to the
propagation k vector) interatom quantum correlations is

determined by investigating the StE coupling established
between two equal localized sets of excited molecules
placed in two spots, I and 2, in the microcavity and cou-
pled to the same cavity-allowed "plane-wave" mode with

k vector orthogonal to the cavity plane mirrors (A, B,
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FIG. 1. Schematic diagram of the experimental apparatus.
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Fig. I). This problem, which generally involves a pecu-
liar transverse relativistic-retardation process, should be
taken as a basic one in any laser StE calculation and, to
our knowledge, has not been investigated before.
Take, as said, two equal and dynamically equivalent cy-
lindrical "microlasers" 1 and 2, with diameters 6 and
placed at an adjustable mutual distance s in the micro-
cavity active plane. In our experiment this was obtained
by focusing on two 8=30 pm spots on the active plane,
by use of a common lens (focal length, 25 cm), two
TEMpp single-mode pump beams (A,p =0.53 pm) whose
noncollinearity before focusing was micrometrically con-
trolled. The problem tackled in this work may be refor-
mulated by the following question: "To what extent does
a StE photon emitted over the common k mode by one
microlaser determine the gain of the other microlaser, in

spite of a macroscopic distance s, taken orthogonally to k
and externally imposed on the two lasers?" According
to QED, since photon delocalization is expected after
emission over the transverse extension of the mode, full
interlaser correlation is also expected in spite of the
peculiar topological configuration of the experiment.

Let us analyze the problem by considering the single-
mode case d=d, for simplicity. Let mi, m2 be the num-
bers of photons emitted by microlasers 1 and 2, respec-
tively, within the coherence time t, =A/(vAA, ) over the
common k mode (AA. =—bandwidth of the detected radia-
tion). The time-evolution equation for ml is given in the
form dms/dt =G(1+mi+am2), where the "degree of
correlation, " a=a(s, d), 0( a~ 1, represents interlaser
coupling. The extreme values taken by a in its existence
range correspond to full laser independence and to full

correlation, respectively. An identical equation holds for
m2 by interchanging indices. At last, the overall emitted
photon number m=ml+m2, relative to the condition
a =1, is related to a(s) through

f( d) m(s, d)
m(o, d)
2 sin h [G (a+ I ) ] exp [G (a —1)/2]

(a+ 1)sinh(2G)
where G=gdl~ is the low—-signal gain proportional to the
microlaser pump intensity I~ and to d, in first approxima-
tion. Note that the overall output gain is strongly
dependent on a, as it almost doubles in the case of a = l.
The measure of gain as a function of s and d is precisely
the method we adopt to investigate the quantum-cor-
relation process.

Before reporting the experimental results, let us give
some details on the apparatus. A negative-branch,
unstable-cavity, Q-switched neodymium-doped yttrium-
aluminum-garnet laser equipped with a second-harmonic
generator provided TEMOO single-mode pulses at A,~ with
v=10 nsec duration to pump the two microlasers upon
focusing in the microcavity active plane. The mutual po-
larizations of the pump beams were taken at 90' in order
to avoid field-interference eAects within the pumping
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FIG. 2. Gain curves showing the loss of quantum correlation
with mutual distance between two identical microlasers excited
in a microscopic cavity (arbitrary and normalized scales for I
and I„).

process. The pump intensity was kept at a level such
that no laser saturation was detected, as shown by the
slope of the gain curves in Fig. 2. The cavity was simi-
lar to the one reported in Ref. 2. Mirror 8 was transpar-
ent to X~ and reflected Ri =99.9% of the microlaser light
at X=6328 A, the detected wavelength. Mirror B was
R2= 98/o reflecting for X and A,~. A flow of a 10 eth-
anol solution of DCM dye was maintained between the
mirrors. The cavity zeroth-order k mode was focused by
a 30-cm focal-length lens, with lens aperture equal to 10
mm, onto a pinhole of diameter 8'=10 pm. The StE
light reaching the phototube (RCA C31034A-02) was
filtered by a hZ=8 A interference filter centered at X.
The signals were processed by a computer-interfaced
LeCroy 9400 digital oscilloscope.

The plots of the output-radiation intensity I emitted
from the microcavity versus the pump intensity for d =d,
5d, and 10d are reported in Fig. 2, for various s values.
The I~ scales for the three cases are renormalized to
compensate for the effect of different d in determining
G(dI~). A progressive loss of intermicrolaser correlation
for increasing distance s is shown in Fig. 2 by the pro-
gressive departure of the gain curves from the full-
coupling curve (obtained with s =0) toward the curve of
complete decoupling, the dashed one in Fig. 2. This
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FIG. 3. Degree of Bose-Einstein correlation a(s) as a func-
tion of the intermicrolaser distance s for microcavity spacings
d =d=—X/2, Sd, aIId 10d.

curve is obtained by doubling the values of I and 1~ re-
lated by the full-coupling curve. Figure 2 also shows
that the effect of correlation loss is increasingly less pro-
nounced for increasing d & d, asymptotically approach-
ing (i.e., for a macroscopic cavity, d»d) the general be-
havior a(s) =1 expected according to standard theory.
The measurement of I(l~,s) leads to the determination
of a(s), through Eq. (I). The a curves for d =d, 5d, and
10d, shown in Fig. 3 together with related best-fit Gauss-
ian plots, reproduce the relevant correlation-increasing
behavior for increasing d =Nd.

An approximate, simplified explanation of this behav-
ior may be given as follows. ' Consider the microcavity
forward mode, i.e., with average k vector orthogonal to
the mirrors, and corresponding to N ~ 1. For an active
FP cavity with finesse f=nR' /(1 R), R—=RIRz,—
this mode may be considered as a superposition of plane
waves with a k-space distribution assigned by the FP
"transfer function, " i.e., by the Airy function Yee [1
+(2f/n) sin Itrl

' and by the related expression of the
FP interference phase y=xNcosB, as a function of the
emission angle 8. The full width at half maximum
(FWHM) of the k-vector distribution is found:
68jv =2(fN) 't (Fig. 2, inset). The superposition of
plane waves, over each of which the forward-emitted
photons are delocalized, determines, according to field-
interference considerations, a limitation of the transverse
coherence length over which StE correlations can
effectively take place. ' This process may be accounted
for in simple terms by the following argument. The ex-
tent of the photon-gas Gibbs phase space corresponding
to the cavity forward mode is expressed, for a rectangu-
lar spatial cross section hx hy, by hx hy hz hp„Ap~
xhp, =hi, where hz, hp, refer to the time coordinate.
This of course may be interpreted as expressing the
minimum-uncertainty application of Heisenberg's princi-
ple to the tridimensional dynamics of the photon parti-
cles localized within the coherence extent of the mode.
By writing hp„Ap» (hk A8Jv/2), we finally obtain, for
cylindrical symmetry, the expression for the transverse

quantum co-rrelation length, ljv =2k, (fN) ' . Then, two
cylindrical microlasers with diameter 8, sharing a com-
mon FP cavity mode, can be coupled by StE if l~ & 6.
This relation leads to further interesting insight into the
dynamics of the process. In fact, if 6' & l~ the
microcavity-allowed k-space distribution is sharper than
the one required in the nonconfinement condition by
Fresnel diffraction from the circular ends of each active
microlaser, or 58Iv & 58o =X/b. Since in this case the
diffraction process is made ineffective in determining the
output k distribution, we may say that there the micro-
cavity inhibits digraction Th.e backreaction of the field
to this anomalous condition consists of a kind of a "cou-
pling halo,

" a cylindrical region of thickness —,
' (l~ —8)

surrounding the microlasers in which quantum correla-
tions can take place. We refer to this condition as the
cavity regime On t.he other hand, if IIv & 8 no StE corre-
lation in the transverse direction is possible outside the
active regions: Here, diffraction inhibits external corre-
lations. This identifies the digraction regime Sin.ce in
this regime no transverse correlation takes place over ra-
dial distances I & ljv, the maximum number of StE-
interacting atoms is n = —,

'
nrtIvdlIv = —,

' n'rt~fN k, rtjv be-
ing the fraction of the volume density of excited atoms,
rt, corresponding to emission over the forward mode (in
microcavities, rtIv & rt/N).

The above considerations lead us to conclude that in

open space, viz. , outside a mode selective ca-vity, it is im-
possible to detect transverse field-delocalization effects
using our StE technique involving active spots separated
by I & X: There, in fact, the diffraction regime is always
realized. In fact, by our arguments we find Ijv=1I, for
two isolated atoms cooperating in open space, in the ab-
sence of external fields, in transverse photon emission,
viz. , emitting along a direction orthogonal to any plane
to which the two atoms belong. ' On the other hand, the
use of an ideal cavity with infinite finesse leads to a
single-plane-wave structure for the forward mode,
68~ 0, and to quantum correlations extending over the
full transverse extent of that mode: l~ =~. ' In addi-
tion to that, and very important, since the transverse
quantum-correlation length identifies a region of spatial
coherence for the quantum field, including the vacuum
geld, l~ identifies the transverse extent of the modes
(and of the cavity mirrors) that are effectively involved
in the dynamics of spontaneous emission from one excit-
ed atom. ' The microcavity regime is demonstrated ex-
perimentally in Fig. 3 for increasing N =2d/X. The
value off (f= 170) has been determined by direct mea-
surement of the angular distribution of the output inten-
sity, hB&, according to our theory. " This one has been
further substantiated by the results of a similar experi-
ment involving a relatively long microcavity, N=10,
terminated by simple glass windows, f=0.3.

In summary, we have investigated by a new technique
the rather unexplored condition of transverse nonlocality
of the electromagnetic field. Consequently, our work
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may stimulate future endeavors of fundamental scientific
relevance. For instance, since nonlocality is closely relat-
ed to quantum nonseparability, it may suggest the reali-
zation of a new kind of Einstein-Podolsky-Rosen-
type experiment, opening then a new field of fruitful
quantum-mechanical speculation. '

One of us (F.D.M. ) acknowledges useful advice and
discussion with C. H. Townes and C. Cohen-Tannoudij.
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