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Bose-Einstein partition distribution in microcavity quantum superradiance
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The paper reports the realization of the process of two-dipole Dicke superradiance in a planar optical
microcavity. Two dye molecules, located at a mutual distgR¢avithin the transverse resonant mode of the
microcavity, are excited by two independent femtosecond pulses. The superradiant photon emission by the two
systems and the consequent enhancement of the time decay of the dipole excitation is investigated. Further-
more, the spatial counterpart of superradiance is revealed by the realization of the Bose-Einstein partition
statistics within the detection of photons emitted over the two output sides of the microcavity. A general
guantum analysis of the process is given in the paper.
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[. INTRODUCTION inter-atomic coupling belongs to the common cavity spatial
mode and the transverse interaction can be established with a
The introduction of the concept of optical microscopic retardation time,r,=R/c, which is much shorter than the
cavity (microcavity has produced some relevant scientific cavity photon lifetime,r,=f(\/27c). In the above expres-
advances, with implications on the technological and on theionsl =2\ \/f, wheref = a|r|/(1—|r|?) corresponds to the
fundamental sides. We mention the possibility of modifyingfinesse of a cavity terminated by two equal mirrors, with
the atomic spontaneous emissitBE) [1,2], the transition complex reflection coefficients at normal incidencer,
spontaneous-stimulated emission in a thresholdless microla=r,. In the case of two highly reflecting multilayer dielec-
ser [3], and the introduction of the concept @fansverse tric mirrors, |, can be as large as 1Q@m, and interdipole
coherencdength in a planar microcavitj4]. interaction occurs in the subpicosecond time s€ag14.
Recently we have demonstrated that a single-mode planar In a recent experimenil5] we have investigated the pro-
microcavity with relevant dimensiod=\/2 may behave as cess of superradiant spontaneous emission from a two-dipole
a reliable and efficient source of single-photon radiationsystem confined in a planar microcavity. By this technique it
with a nonclassical sub-Poissonian distribution, if few fluo-was possible to verify the expected temporal behavior of
rescent dye molecules trapped between the cavity mirrors aperradiance. Furthermore, the investigation of this process
excited by femtosecond laser puldéd. Because of the ul- in the space domain allowed us to discover an unexpected
trafast excitation each molecule can absorb a single pumgollective Bose-Einstein distribution of the photons emitted
photon only once during the pump pulse duration, withoutby the microcavityas a whole over the modek andk’,
recycling between the lower and the excited level, and recorresponding to the two output sides of the microcavity.
emits a single photon at the wavelengthover the only In the present paper the full theory of the process of two-
allowed mode of the microcavity. dipole superradiant emission within a planar microcavity is
The single-photon generation process can be doubled byported and discussed. Furthermore, we give a detailed de-
exciting two dipoles, or two ensembles of dipoles, which arescription of the experiment of Refl15], and of the relative
assumed to be at rest a distarReapart in the transverse experimental results.
plane of the microcavity. In these conditions, inter dipole The work is organized as follows: in Sec. Il, after the
coupling occurring between the two quantum objects via antroduction of the radiation field quantization and of the
superradiant-type process is expediéd]. interaction Hamiltonian, we discuss the process of two-
The study of atomic superradiant interaction has repreédipole correlation within a microcavity. The expression of
sented an important topic of fundamental physics. If the twdhe rate of two-dipole superradiant spontaneous emission is
atoms are situated in free space at a mutual dist®xca,  givenin Sec. lll, where the second-order correlation function
the wavelength of atomic emission, the SE rate can bef the field radiated by the two-dipole system is also defined.
doubled with respect to the corresponding rate of a singl@he description of the experiment and the experimental re-
atom[8]. This temporalaspect of the superradiance processsults are given in Sec. IV. Finally, an extended discussion of
was experimentally investigated by Gross and Hard&je the results is reported in Sec. V.
and, more recently, by De Voe and Brewé0]. In the case
pf two dipoles .trapped. wit_hin a plapar high finessc_a mic_rocav- Il. TWO-DIPOLE CORRELATION WITHIN THE
ity the mutual interaction is established at a relative distance MICROCAVITY
much larger than the wavelength of emission. Provided that
R=|R|=<l., the transverse coherence length of the micro- The theoretical analysis of the process of two-dipole cor-
cavity [4,11] or, equivalently, the effective mode radius of relation via transverse interaction in a microcavity can start
the electromagnetie.m) field [12], the field involved in the by expressing the e.m. field in terms of the cavity mode
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functionsU,;(r) and U(q-(r), previously introduced by Ley \Y
and Loudon[16]. We refer to their expression given in the / /
extended theory of spontaneous emission in a FabrgtPe
microcavity[2]. The e.m. field is quantized by the introduc- A/
tion of mode creation and destruction operators. The opera- ¥
tors for the modes with spatial functiot;(r) andUkJ(r) AR s
are denotecﬁk] ,a,; and é{J,é&J, respectively. The wave | .7 d /{1 Z
vectork is assumed to be a continuous variable, a functionof i
the polar angles} and ¢ [2]. For each set of polar angles -
there are two transverse polarization directions with indexes X / /
j=1, 2 associated with unit vectorg(k,j) [2]. The field
operators satisfy the commutations relations,

FIG. 1. Schematic of the planar microcavity with the dipofes
[akj 'al’j’] [akJ ’al;Tj 1= 5“-,5(k—k’), 1) ;TOI.B located at a mutual distand® on the symmetry plane

[&; ,éﬂj,]:[ ak, ]=0. 2 Aok |12
é—(r,t)=—if dk >, (—3—> e(k,j)[UF(r)a)

The mode operators allow one to define the normal-ordered T\ 16m°eg ) )
part of the e.m. field Hamiltonian expressed in integral form,

Uil (r)af;]ex. 9
HF:j dk ek, (&) +aiay), (3  The dipole operator is expressed as
where the three-dimensional integral is expressed as D=|e)(e|D|g)(g|+|g)(g|D|e)(e|=u[ 7+ 7], (10)
f dk= erookoW/zdﬁJZﬂd(p K2 sin . 4) where,uf(e|f)|g>= Degy corresponds to the matrix element
0 0 0 of the dipole operator. The expression of the interaction

Hamiltonian obtained in the case of electric dipole approxi-
The Hamiltonian of a two-level atomic system is definedmation is

as
. hck |12
N Ata i e N ~ T+ ~
Ho—ﬁwﬂ' ar, (5) H| IJ dk; 167780) S(k,J) ,’l’[ﬂ- 77]
with w=2mc/\. Here the transition atomic operatofs' STU.: (1) 8e K U* (1Al eikty U7 (r)al.eickt
=|e)(g| and #=|g)(e| are associated with the ground and [Uki(Mag _ (N3 (13
excited energy levelg) and|e). The following properties are —Uy (r)é&}‘e‘c‘“]. (11)
satisfied:
it A We start to investigate the physical condition of two di-
mar =mm=0, polesA and B, located on the symmetry plarg=0 of a
" in ot (6) planar microcavity, interacting at a mutual transverse dis-
[l ]=1=2a 7=2mwm — 1. tanceR along theY direction (see Fig. 1 Their common
The expressiongr#'=|g)(g| and #'#=|e)(e| correspond dipole vectorsu, and g, With || =|ug| = ||, are paral-

lel to the mirror planes and oriented at an angl&ith re-
spect to theX axis.
The interaction Hamiltonian in Eq11) can now be reex-

to the populations of the levelg) and |e) and satisfy the
completeness relation for a two-level atom:

at+ata=1 ) pressed in the forms
The interaction Hamiltonian is expressed in electric di- _-J' iketan ot~ ik-R(~ 1
N : o =i [ dk (cosV)e' AL [ rat TTpt €
pole approximation as a function of the electric-field opera- 2 9 ) LAt 7 (s

tor E(r,t) and the dipole operatob,H,(r,t)=D-E(r,t).
The electric-field operator is conveniently separated into two
parts, E(r,t) = EJr(rit) + Ei(rvt)i where E+(rvt) and where the function
E‘(r,t) are written in integral form and modulated by the
mode functions

. fick
+ .
E (r,t)—lfdk; (m

+4rg) ]+ H.C., (12)

12 1 |p|elkde
) it] ek,j)-pm (13

5)= fick
gj(cos?)=| 7g A

1/2
e(k,[)[Uyj(r)ay;

accounts for the cavity confinement. In the last expression
ekt we haveA =1—|r|?e?*¢ and the confined electromagnetic
+Ug(nale ™, (8 field has been expressed in a simple fashion by the following
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“quasimode” substitutions: &;=2;+4;; and &};=a; &
+ak1 These new operators satisfy the commutation rela-
tions|[ Cy; ,ck]] 2555 6(k—k").
The total Hamiltonian of the system becomes o o o A LI o
R o RT 0 Wz
Hio=Ho+He+H, l \N.b
o o o ®3 o o
=howo( kst %E%BHf dk ickY,
j
d
x(aljakﬁa{(fa,gj)ﬂf dk>, gj(cosd) ' >
! FIG. 2. Multiple images of the two-dipole system due to micro-
% eik-rAékj[%I\Jr At eik»R(%E_i_ #g)]+H.c. cavity reflections.

(14) with alternate signs appearing in the equation. The param-
_ _ _ _ etersnd and R,= R?+ (nd)? correspond precisely to the
We may now investigate the time behavior of the upper levetoordinates of thenth mirror images of dipoleA and of
of dipole A under the influence of dipol® in the Heisenberg  dipole B, respectively{6,7] (cf. Fig. 2. As a consequence,

representation the total decay rate, besides the free-space decay contribu-
At ] tion, depends also on the coupling of each dipole with its
d”A”A__ by o own multiple images and with the multiple images of the
gt~ almaTa el other dipole.

_ _ o For the sake of completeness, we give the explicit expres-
By following a second-order perturbative approximationsion[7] of the SE rate of dipolé for two cases correspond-

[7,17] we obtain ing to different spatial orientations of the mutually parallel
i dipoles u= u(cosa,sina,0) with respect to theX axis (cf.
d{7raTra)t __oT N Bifh . ¢ . CR Fig. ).
dt (TATANo 2K3 (A78)oCih Case 1 «=0, dipoles parallel to th& axis,
o0 "T"
_ 3Rifn d{TaTTAN .
X[sin(koR)]6(ct—R)+ k'3 ) —Qaqr - T (FAFAYo+ 2k3<7TA7TB> o Sin(koR)
—Irphn 1 K
(=P Fhaa)oCi T sin(kond)]6(ct—nd) ( LR +C0$koR)_z 8(ct—R)
+ (#rhire)oCsin(koR) 10(Ct—Ry)} = o
Z (= Ir)™ (Fh#ra)o| sin(kond)
(15 -
. . . 1 k3 Ko
where the indexesh=1,2,3 representtr;egspatlal vector and 3d3+ - +cogkgnd) 2 6(ct—nd)
tensor components. Hellé= 1/27,,4= | n|°kg/6meoh corre-

sponds to the characteristic free-space atomic spontaneous 2

emission ratef(ct—x) are Heaviside unit step functions, +<%Z%B>O{SikaRn)( _$+R_0
and the general expression holds, n n
i ko
. oo+, Sin(kox) o
C?(h[s'n(kox)]:kg[(5ih—XiXh)+ kox +(8in—3%Xp) +cogkoRy) R? (ct— Rn)]) (17)
cogkox)  sin(koX) It is interesting to study the function which modulates the
7 3 (16 mutual terms,

(koX) (koX)

2

1 k§
Note in Eqg.(16) the appearance of the self-interaction con- D(t,R)= S|n(k0R)< e +—= R +cos{k0R) 0(ct
tribution to to the spontaneous emission of the atdnthis
one is expressed by the first term at the right-hand Giug 3
of Eq. (16). The effect of the presence of dipddgakes place -R)+ 5 E (—|rh"
through two different channels, i.e., by a direct nonconfined kon=1
vacuum-field correlation, expressed by the second term at the K
rhs, and by aonfined-vacuurprocess with intensity propor- +cogkoRy) =3

tional to|r|. This last contribution is expressed by the series

2k3

2
0

. 1.k
sm(koRn)( R,

6(ct—R,). (18)
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w - sin(koRp) _cogkoRy,) _ sin(koRy)

- 1 koRn k5RA ksR3
50 |- -

WMW\ - ) s
ARV
w L ] We note in this case the absence of the long-range interaction
D L term proportional toR™* which corresponds to a less effi-
t 2) cient head on dipole-dipole interaction. This is expressed by
the numerical computation of Fig.(t3, which shows the

0 . . v ' . r . temporal behavior of the function which modulates the mu-

. . tual terms,
40 - -~

_. i cogkgR) sin(kgR
“ ] ] D(t,R)=3| — 8(2 o n n(3 03) f(ct—R)+3

kgR koR
D(t,R) 0 - -
~ —+ .

_ cogkoRy)  sin(koRy)
] ] x> (—Irl)“H— —+
] ; =] KGR, koRs

: - —T— - . ] +(n_d>2 Sir'(kORn)+ cogkgRy)

b) Ry koRn k3R>
FIG. 3. Numerical evaluation of the mutual functi@(t,R) sin(kyR;,)
expressed by Eq$18) and(20). (a) Dipoles parallel to th& axis - _rrkoR f(ct—Ry). (20)
n

(a=0). (b) Dipoles parallel to the¥ axis (a=/2). It is calcu-
lated as a function of the normalized tinhe=ct/R for a relative
interatomic distancey=R/I,=0.5, and for a microcavity finesse In Figs. 3a and 3b) the oscillatory behavior due to the
f=1000. cavity effect is superimposed on the causal step-function be-
havior expected in free space.
. . . . The causal nature of the two-dipole interaction within a
The interference with alternate signs affects the mcreasmicrocavity given by Eqs(17) and(18) could be verified by

|ngl_y Tetarded mtgractmn ‘?om“b““"” to the spontaneous-us in a previous experiment performed at a single-photon
emission rate of dipol@. This interference leads to the qua-

ioscill It of Fi h h | behavi level [13] by taking advantage of the femtosecond temporal
sioscillatory result of Fig. @), where the temporal behavior oqtion of the up-conversion nonlinear optical gate, as al-
of D(t,R) is shown. It is found to be largely dependent on ready discussed14].

the cavity finessé and on the ratigd=R/I ., expressing the

degree of coexistence of the atoms within the same trans-
verse cavity mode. ll. SUPERRADIANCE EMISSION RATE AND SECOND-

DIPOLE RADIATED FIELD

The rate of superradiant emission of the two-dipole sys-
tem in a microcavity can be calculated by following Dicke’s

d<%L%A>t . 3 .. cogkoR) theory for a two-level .atonﬁ8]..Let us consider the case of
T — 2T (A adrpdo+ §<7TA7TB>0 2| — W two dipoles prepared in the tripet entangled state,
sin(koR) = 1
“R)+ —[rp" AB)=—(T.)+[1.1), 21
Gre || fCtRIT3Z, (-1 [AB)= (T +ILT) (21)
Ata sin(kond)  cogkond) . . .
X| (T pT Ao nd + =55 with the corresponding expected values of the atomic opera-
on kon“d tors
sin(kond) ata
i | et DT (FaTe)o2 (Fhiado=3, (Whre)o=3. (22
i 242
x{ _ 005(2I<02Rn) + Sm(,i(‘)?“) n (: The temporal evolution of the excited level of dipdieex-
koRy koRn Ry pressed in Eq(16) becomes
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d<7AT;7ATA>t 3fkifen "
— = T 1+ 5 CR[sin(koR)]6(ct—R) 1
dt 2K3 o
“'““nE (—|rh{Csin(kond)]

= ot
l-‘g 1.0+

><0(ct—nd)+C " sin(koR,)]6(ct— R)}]

(23

In the relevant case of two dipoles oriented along Xhe 06
axis (#¢=0) we can obtain the superradiant SE rate ex- : . : . : . —
pressed as a fUnCtiOﬂ R, 0.0 05 1.0 1.5 20 25

Y

2
,{R) {1+ 3 sin(k R)( _ i+ ﬁ FIG. 4. Superradiant decay rate as a function of the interatomic
Fsu 2k3 0 R® R distancey of two parallel dipoles oriented along th¢ axis and
located on the plan€=0 of a symmetrical microcavity. Cavity
3 fi f =3000.
+cos{k0R) G(Ct R)+k— iNesse
0
. «(E”(t)-E~(t+7)E"(t+7)-E*(t)). Herer corresponds to

X E (=[rp"

sin(kgnd)| —

2
-+ ﬁ the time delay between two photodetections. Let us refer to
(nd) nd the case of two dipoles parallel to teaxis (o= 0) (cf. Fig.

1). They are excited at the tintg=0 and the emitted radia-

. tion is observed at a later tinteby a detector located on the
+costkond) gz (n d) 2| 6(ct=nd)+ | sin(koRy) Z axis at a distancé>\ from the center of the cavity. In the
5 Heisenberg representation, the field can be expressed in
k terms of the dipole transition operatcis (t) andrg(t) [2],
x| = 2+ 2|+ o0gkoRy) 2 0(ct—Rn)]. P peratois(1) andrg(1) [2]
n n n 0
. Z+2nd
(24) Ef(z=-6J1-[r) > rZ“H%A(t— c )
n=0
In the limit t>x/c, #(ct—x)=1 and the temporal depen-
Z+2nd 1
dence can be neglected. + gl t—
Note that this expression has been obtained in the case of c Z+2nd
strong atom-field coupling, a condition which is not usually Z+(2n+1)d
met in the planar microcavity18]. This implies that the +r| | t———
condition 7.>1/Q), where 7, and 1L) represent the cavity ¢
phc_)tqn Iifetime and .the period of Rabi oscillation, is not . Z+(2n+1)d 1
satisfied in our experiment. As a consequence, the superradi- +arg| t— 5 al-
ant time phenomenology accounted for in the present work ¢ Z+(2n+1)
only relates to the behavior of the diagonal elements of the (25)
density matrix of the active dipold49].
Figure 4 shows the behavior bf,(R), normalized td", In the above equation the effect of multiple intracavity re-

as a function of the normalized distange=R/l,. The pa- flections has been considerediepresents the reflection co-
rameters adopted in the numerical analysis are those of o@fficient of the mirrors at normal incidence, afidis a con-
experiment,f=3000, | =77 um. Furthermore, the order ~ stant depending on the wavelength of emission and the
of the series is truncated at a proper vaMe=200 and the dipoles orientatiori2]. Since the radiative decay time of the
contribution of the termsi>M has been neglected. It is dipoles is much longer than its period of oscillation we can

found that for maximum superradiancB+0) the value of ignore the differences between the retardation times in all the

independent dipolesRe1.). quence, the expressions of the electric field and of its
This property, which manifests itself as the characteristid1€rmitian-conjugate become
signature of superradiance, has been verified in our experi- 2
=
t— —) } E (26)

ment by the measurement performed with a standard E*(Z,)=—0O(1+1)\1 1—1[r]? s

Hanbury-Brown-TwisgsHBT) apparatus of the temporal evo-
lution of the second-order correlation functisee configu-
ration A of Fig. 5, Sec. IY. We introduce here its expression

. o . +r
in order to get a better insight into the proce$sr) 8
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. 7z the SE probabilityF(7) may be also interpreted as the nor-
E(Z,H)=—O(1+r*)(J1-|r[*)* %I\( t— E) malized time probability distribution of detectimg=2 pho-
tons emitted over the output mode and n,,=0 photons
Z over the modé’, symmetric tok. Because of its normaliza-
t— E) > e, (27)  tion properties(7) is proportional at timer=0 to the prob-
n=o ability of simultaneous emissioaf two photons over the
We can write the second-order correlation function of thePUtPut modex and zero photons ovér, F(0)=AP(2,0). A

o0

+ 7k

field radiated by dipole& andB as similar argument can be applied whEf7) is determined by
configuration B of Fig. 5. In this case we get the probability
F(T)=<[E;(t)+Eg(t)]-[é;(t‘f'T)+Eg(t+7')] of simultaneous emission of one photon over the output

modek and one photon ovek’: F(0)=AP(1,1).
X[Ex (t+ ) +Eg(t+7]-[Ex(D+Eg(D]).
(28) IV. EXPERIMENTAL RESULTS

By substituting the expressions of the electric-field operator . Trelmlcrtocda_wt?/ ad%pteg 'S ths ex$gr|tm?nt con:ts|stetd of_a
given in Egs.(24) and (25), we obtain single-longitudinal mode Fabry-Perot interferometer, termi-

nated by two parallel, plane multilayer dielectric mirrors,
F(T)OC<[7AT;(t)+%B(t)][%z(t‘*'T)+%B(t+7)][%A(t+T) highly reflect!ng. R=|r|?=0.999) at t.he resonant wave-
length of emission X=700nm) and highly transparent at
+ 7r(t+ 7)) [7a(t) + 7g(t)]). (290 the excitation wavelength,<\. The cavity “finesse” was
] f=3000. This value determines the time of establishment
Because of the operators commutation propefti®$the  of the e.m. mode within the microcavity storage time,
contribution due to different atoms vanishes and we Obtamcorresponding to the “coherence time” of the emitted par-
ticles: 7.~1 ps[18,20. The active medium was given by a
F(r)e« >, (#H O (t+ D amt+ D (b)) 1_0‘5 mole/liter concentration of Oxazine 725 dye molecules
i=AB dispersed in a polymethyl methacryldfMMA) solid film.
The experiment was carried out either at room temperature
+> {(%?(t)%f(tJr 7)7rj(t+ 1) (1)) or at the liquid-nitrogen temperatuteNT). A longer fluo-

i# rescence decay time was measured in the second case be-
cause of the increased quantum yield of the dye molecules
[21].

f Molecular excitation was performed by an amplified col-
liding pulse mode-lockingCPM) dye laser, operating at,
=615nm. Two identical excitation pulses, with duratién
=80fs, were focused by means of a 20t lens within

Halma e D@D mn). (30

Moreover, by accounting for the antibunching character o
the output radiation, we have

F(r)e X, [(F ()] (t+ 1)y (t+ 7) (D) + (A (1) the microcavity in two spots with diameter=10xm at an
e externally adjustable mutual transverse distaRadong the
X%}(t+r)%i(t+ ) ()] @y Y a_xis_ by a fine adjustment of the angle between the_two
excitation beams. Temporal del&yt between the two exci-
fori, j=A,B. tation pulses was varied by means of a step by step transla-

We make further use of the ansat#(t)=#(0) tion stage with spatial resolution of Am. _
X exp{—[i(2mc/\)+(1/2)[ (R)]t}, implying that no causal The photons emitted over the forward mode _of the micro-
interdipole interaction is establishedtgt=0 [6,7]. By aver- ~ cavity were detected by cooled, avalanche single photon-
aging over all the possible times of emission of the firstcounting modules EGG-SPCM200, indicatedDy,D,,D3

photon’ we found by a Simp|e integration in Flg 5, with a typlcal quantum effiCiency of 65%. The
number of molecules in each spot wad0® but, because of
F(r)cexd —T(R)|7]], (32)  the limited values of their quantum yield and of the coupling

efficiency of the cavity over the forward mode2%) [22],

with the explicit expression of'(R), the function of the only few active molecules could radiate in the direction per-
free-spaceSE ratel” given in Eq.(23). pendicular to the mirrors. A careful adjustment of the pump

This result guarantees the possibility of measuring the enenergy could bring to the peculiar conditionsifigle-photon
hancement of the superradiant spontaneous-emission ragenission from the microcavity following any single-laser
of a two-dipole system trapped in a microcavity by pulse excitation. This condition could be tested experimen-
a HBT experiment, as described in Sec. IV. Precisely, weally by use of suitable Hanbury-Brown-TwigBIBT) inter-
have measured the normalized quantity F(7) ferometric configurations involving each or, alternatively,
=lim;_.. g@(N)[T 9@ (r)dr] "2, whereg'®(7) corre-  both output modesk andk’, corresponding to the configu-
sponds to the degree of second-order temporal coherence i@&tionsA andB of Fig. 5[5,19]. The HBT coincidence rate,
the radiation emitted by the microcavity. By referring to con-evaluated as the ratio between the number of spurious two-
figuration A of Fig. 5 and assuming the exponential decay foidetector coincidences and the number of detected “singles”
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% 0.10-
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0.054

TAC + MCA R T T T T
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S
w
o
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FIG. 6. Experimental normalized MCA distributions obtained at
LNT for y=0.33, y=2.9, andy=7.2. Dipoles oriented along the
X axis.

sidual stray light was removed by inserting two interference
filters centered ak =700 nm before the detectors.
) | (\ Because of the random orientation of the active molecules
““““““““““““““““““““““““ — 7 — U the output radiation was found slight{20%) linearly polar-
ized along the(linean polarization of the excitation laser
beamd22]. In order to investigate the emission properties of
the active dipoles along the orthogonal transverse spatial di-
A rectionsX andY, the output radiation detected by eadh
was filtered by adjustable optical polarization analyZeys
TAC + MCA The polarization of the excitation pulses was set oriented
along X.
FIG. 5. Optical configurations andB of the Hanbury-Brown- Tv%o different experimental configurations, involving two
Twiss interferometers adopted in the experiment. laser-pulse excitations, were investigated. Configuration A in
Fig. 5: by adoption oD, andD, asstart and stop devices
per second, was found less than 20 The HBT measure- for the TAC, we could measure the joint probability of pho-
ments showed a striking evidence of the highly nonclassicakon pairs emission over the single output mégee., on one
photon antibunching process, i.e., implying a very small side of the microcavity. Configuration B: the adoptionDbf
value of the field’s degree of second-order coheregé®:  and D5 asstart-stopdevices, allowed direct HBT investiga-
<1. As an example, a typical value of the second-order cotions on both output moddsandk’ of the microcavity, here
herence degreg(®=4, 3x10 2 was determined with con- used as a kind o#ctive beam splittef5].
figuration A on the basis of the following results: the number  Typical experimental results corresponding to the tempo-
of detected coincidences is 3, the detected “singles” at theal evolution of the coincidence probability, obtained at LNT
output of detector®;=3810 andD,=3250, and the di- in the case of two dipoles oriented along tKeaxis, are
mension of the statistical sample is X.80° laser pulse ex- shown in Fig. 6 for three values of the mutual distange,
citation events. The evaluation of? was carried out by =R/.=0.33, 2.9, and 7.2, beinig.=77 um for our experi-
detecting the photons within time windows of 5 ns following ment. A relevant variation of the coincidence probability is
each excitation laser pulse and by means of a photon-countebserved at-=0 for R varying from the case of fully inde-
Stanford Research SR 400. pendent dipoles to that of two dipoles interacting within the
As far as the time correlation measurements are consame spatial mode. Figure 7 allows us to compare, on a
cerned, these were carried out by feeding a time-tosemilogarithmic plot, the corresponding temporal decay
amplitude convertefTAC) with the standard TTL output traces ofF(7). The decay rate is enhanced of a factor 1.8 for
pulses of couples of detectors. The TAGilena 7412, R—0. Note that the decay rate &f(7) measured at the
which allowed us to monitor the time interval between thelargest distance is nearly equal to the single molecule
pulses of different detectors with a resolution of 50 ps, waspontaneous-emission rate in a microcay&y
connected to a multichannel analyZ®8CA) (Silena 7923- The experimental results reported in Fig&)8-8(c) allow
2048. The dye emission radiation, spectrally filtered by theus to compare the process of two-dipole interaction for dif-
microcavity, was spatially selected over the forward mode byferent orientations of the emitting dipoles. In spite of the
aligning the two detectoréwith active diameters of nearly shorter decay times due to the fact that the measurements
100 um) in the focal plane of two 5 crfy1 lenses. The re- have been performed at room temperature, we can compare
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1-'&%9&_;5* 1m.l..'l'l'l'l'l'l'l'|.l
{ Dipoles // to X axis

° R = 30pum

R = 600 pm

F(x)

F(7)

& y=033 o,
o y=290
* y=7.20 00s,,

0.1 T T
0 1 2 3 1

7 (ns)

FIG. 7. Semilogarithmic plot of the two-photon MCA distribu-
tionsF () of Fig. 6, nearr=0. The dashed straight lines represent
the corresponding time decays evaluated by following the expres-
sion of I'(R) reported in Eq(22).

the results obtained for the interdipole distan&s30 and =
600 um. We observe that the enhancement effect vanishes
for two mutually orthogonal dipoles while it is sensibly re-
duced in the case of two dipoles oriented along Yhexis,
corresponding to the less efficient head-on dipole-dipole in-
teraction.

The above results demonstrate that the peculiar geometn
of the microcavity is instrumental in the determination of the 1- ,
time behavior of a quantum SE decay process within an in- 1 ™,
teratomic interaction. Thisnesoscopicharacter of the de- ] N [
vice is precisely ascribable to the fact that the wavelength ] S, R= 3um
of the confined photon is of the order of the relevant dimen- ; 1y,
siond of the confining device. This is a common character-
istics of all nanostructures that exhibit quantum properties. In
this perspective, it is expected that also #patial behavior =
of some relevant dynamical process should be affected by"’“
the peculiar quantum properties of the device. ]

In the new experiment, the planar symmetric microcavity %,,ﬂ
has been adopted to investigate the spatial statistical distri- N\
bution of the couples of photons emitted over the two al- -
lowed microcavity output moddsandk’ under correspond- 0.1 +—r———————r———r—
ing couples of excitation laser pulses. This process has bee.. 00 05 10 15 20 25 30 35 40 45 50
investigated with the same microcavity by both experimental
configuratipnsA and B, Fig. 5, and for very smal! time delayresponding toR=30 and 600um for the three case<a) dipoles
7=0. _Premsely, we have meas_ured the _probabm()’l,O) of parallel to theX axis, (b) dipoles parallel to the¥ axis, and(c)
the simultaneous photodetections realized Dy and D, perpendicular dipoles. The dashed straight lines shown in each plot
coupled to the external output moéte and the probability  correspond to the best fits of the experimental curves.
P(1,1) of the simultaneous photodetections realizedDy
and D5 coupled to the counterpropagating external outputhe symmetrical beam splitter placed at the output of the
modes k and k’. According to a “classical” Maxwell- microcavity. The experimental results show that the classical
Boltzmann partition statistics, and by accounting for theconditionP(1,1)=2P(2,0) is verified indeed for a large in-
couples of detection events, we exp€tL,1)=2P(2,0). terdipole distanceR>1.. However, for shorter distancés

In Fig. 9 we report the results of this experiment. Here the<lI ., the relative values of the probabilities converge toward
values of the probability are referred to the total number ofthe common value: P(1,1)=P(2,0). This implies that a
two-photon detection events actually registered in the experiguantum Bose-Einstein partition process determines the pho-
ment. Furthermore, by reporting the experimental data obtoemission over the external modes of the microcavity. The
tained by configuration A, we have taken care of the effect olinambiguous conclusion is that, f&/l.<1, the two pho-

b)

FIG. 8. Semilogarithmic plot oF (7) at room temperature, cor-
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0.7 I =|| = = =
o with, e.g., [2,00=|I=2r=0) or, generally, |x,y)=|n,)
........................................................................... L ®|nkl>
¢ Suppose now that the transverse distance between the
0.6 * emitting dipoles is largeR>1.. In this case the two photons
¢ are emitted over twadlistinct spatial modes, which are given
E by the superposition of two couples of distinct traveling-
‘€ 05 dom o BE | wave moded, |’ andr, r’ directed towards the left and the
£ ° right sides of the cavity. In this case the field of the system is
° o given by the expression
0.4 ° o .
e n=n=1 o p2=7772f fdqodgo’COS"<p0052<p’(é.|T+e"Pé;r)(é'r
10 n=2,0'=0 o
03 — el +e'¢'a’l)|vag(vad(a/ +e ¢'a)) (& +e 'eq,),
0 2 4 6 8
y (35
FIG. 9. Two-photon partition probabilitieB(1,1) andP(2,0)  where the operatoid , &, , &,, &,/ correspond to the modes
over the two output channeks k' and detected at~0 as function |,I’,r,r’ and the vacuum field is represented psQ
of the relative transverse interdipole distance R/, . E|0,0;0,QE|| =0,1"=0; r=0, r'=0). It is found in this
case
tons tend to be emitted both at tesame timeand over the
same spatiamode of the microcavity. p>=17(/1,1,0,0(1,1;0,0+1,0;0,2(1,0;0,1+0,1;1,0
V. ANALYSIS OF THE RESULTS AND DISCUSSION ><<0,1;1,Q+ |O’O;1’:D<O’O;1’1)' (36)

The realization of a quantum statistical photon distribu- The photons emerging from the left or right sides of the
tion law over the two output sides of an optical cavity is cavity are finally focused outside the cavity over the photo-
unexpected in the usual laser dynamics and has never beeathodes of the detectoi3;,D,,D3, having selected the
investigated so far. We may explain this remarkable phenompolarization according to the experimental procedure de-
enon by expressing the density operator which represents tiseribed in above and in Sec. IV.
state of the field for the two relevant caséssl, and R By this theory we are able to justify the experimental
>1.. results. In the case ofsinglespatial modeR<I ., the prob-

Let us consider first the conditidR<I . In this case, the abilities of detecting couples of particles either on the left or
two photons are emitted over the common spatial mode ofn the right of the cavity: P(2,0)=(2,0p4|2,00=3,
the microcavity(cf. Fig. 5. It is given by the linear super- P(0,2)=(0,2p,|0,2 =3 are equal to the probability of de-
position of the modes with thenternal momentap=7Kk, tecting one photon in each sideP(1,1)=(1,1p4|1,1)=3.

p’'=hk’=—p, directed towards thdeft (I) and right (r) The last result corresponds exactly to the quantum Bose-
sides of the cavity. In this condition, the appropriate expresEinstein (BE) statistics. According to this theory the prob-
sion of the density operator is ability of distributingN indistinguishable particles amortg

“boxes” is independent of the set of occupancies of the
boxes, here indicated in short Hy;}, and it is given by:
P{n}=[(G—1)!N!I/(G+N—1)!][23].
o . , In the case of a large distance between the active dipoles,
+e'¢'al)|vag(vad(a+e ¢'a,)(a+e '¢a,), R>1,, the two photons are emitted over two distinct spatial
(33) modes and have to be considered distinguishable. In this case
the partition probabilities aré(2,0)=(1,1;0,0p,/1,1;0,0
where the vacuum field is represented [ppd=|0,00=|I =1, P(0,2)=(0,0;1,1p,|0,0;1,3=3 P(1,1)
=0, r=0). =(0,1;1,0p,/0,1;1,0 +(1,0;0,1p,/1,0;0,3 =3, which is
In the above equation we have taken into account th&xactly the classical result expected in the case of the bino-
enhancement of spontaneous-emission probability in th&al partition statisticsP{n;}=G~NN!/(nj!n,!). Here, the
plane microcavity as function & by means of the distribu- boxes labeled by=1 andi=r express detection on either
tion function 71 CO§(p [2]. Moreover, because of the uni- side of the cavity, as said. Note that the two statistical for-
form molecules distribution between the two mirrors, themulas just given reproduce the results of the experiment for
phasesp=7Z/d, ¢'=mZ'ld account for the random posi- G=2,nj+n,=N=2.
tion, shot to shot, of the emitting dipoles along the longitu- As a conclusion, twdgor more photons become indistin-
dinal coordinateZ. By performing integration and normaliza- guishable and follow the quantum BE statistics when they

p1=77_2J J de de’ cog ¢ cod qo'(ér+ei¢é;r)(ér

tion we obtain are emitted over the common space-time mode of the micro-
cavity. The same effect could also be detected by exciting a
p1=13(12,0(2,0+]1,1(1,1+]0,2(0,2), (34  large unknown number of active molecules in the microcav-
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ity. In this case the quantum character of the multiphotortion, for the temporal evolution of the excited dip@dlenter-
statistical process could be identified by the experimentahcting with dipoleB within the microcavity. The two expres-
determination of the two-channel “quantum noise function,” sions corresponds to the different spatial orientations
previously introduced in a different conte)@4]. (dipoles parallel to th&X and to theY axes, respective)yof

As a final comment, we could say that the physical conthe parallel dipoles. The superradiant SE rate in the relevant
dition of two interacting dipoles within a microcavity iden- case of two dipoles oriented along tReaxis is given in Eq.
tifies exactlythe growing point of the “thresholdless micro- (24). Then an experiment is presented aimed at the verifica-
laser” [3], in such a way that the superradiance istion of the relevant theoretical results by the investigation of
responsible, at a fundamental microscopic level, of the verghe spontaneous emission of two molecules trapped in a
first stages of the collective dynamics of this process. All thispolymer matrix within a single-mode optical microcavity.
may have important consequences because of modern techhe investigation of superradiance in the space domain has
nological implications on the knowledge of the behavior ofallowed us to discover the transition from the classical to the

the vertical cavity surface-emitting lasefCSEL) [25]. quantum partition statistics of the photons emitted over the
two output modes of the microcavity for decreasing of the
VI. CONCLUSIONS interdipole distanc&.

In this paper we have discussed the realization of the pro-
cess of two-dipole Dicke superradiance in a planar optical
microcavity. The main theoretical results of the paper are This research was carried out under CEE-TMR Contract
Egs.(17) and(19), calculated in the Heisenberg representa-No. ERBFMRXCT96-0066.
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