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Molecular Raman effect in the optical microcavity: QED vacuum confinement
of an inelastic quantum scattering process
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The spontaneous Raman scattering from liquid samplesdf & investigated in the Casimir topology of
a microscopic optical Fabry-Ra cavity terminated by Bragg reflectors tuned at the emitted Stokes wave-
length. The given general quantum scattering theory is based on a complete set of mode functions describing
the cavity-confined field in its vacuum state. The coupling of the field with the normal CH ring stretching mode
at Av=3062 cm ! (totally symmetric species,4) of the benzene molecule is given via the related Raman
tensor, which leads to the appropriate form of the coupling Hamiltonian. A detailed experimental investigation
of the spontaneous Raman scattering for the mode is then reported. The results confirm the relevant predictions
of the scattering theory, namely, the effect of the vacuum confinement on the enhancement and inhibition of the
total anddifferential cross section®n theangular distributionof the scattered radiation, and on tinelecular
depolarization ratio

PACS numbd(s): 42.62.Fi, 42.65.Dr

I. INTRODUCTION framework of any QED scattering process. In order to fulfill
this program, we have selected as a paradigmatic example
Scattering is a most fundamental concept of modern physhe case of an inelastic light-scattering process at optical fre-

ics as it concerns all kinds of quantum interactions, at amguencies: The Raman effe]. In order to emphasize the

energy of the particles involved. For any such process th8asic principle, we have also selected the benzene molecule
key parameter accessible through Swnatrix formulation is ~ (“eHs) as the active Raman medium. This well-known mol-
ecule is generally considered, within the paradigm of mo-

t_he scattering cross sectienand the differential cross sec- #ecular spectroscopy, as a typical source to demonstrate the
tion do/d() [1]. These parameters are generally thought ok ,ie features of Raman scatterif&]. In this respect, the
as expressing the space-time local properties of the interaGyesent work also establishes a spectroscopic method and
ing quantum particles. In the present work we give the eXprovides information of specific relevance in the domain of
perimental demonstration, in the context of a basic spontamolecular spectroscopy.
neous scattering process of molecular spectroscopy, that the More precisely, we report an extensive study of the Ra-
above parameters, as well as other relevant scattering paraman scattering process in benzene in the condition of strong
eters(e.g., the molecular depolarization rati@are in fact confinement of the Stokes field by a plane, FabryePeni-
highly sensitive tanonlocal properties of the photon field at crocavity, with the cavity ordem=2d/\=d/d=(whole
optical frequencies. In our work this is obtained experimen-numbej=1, d being the cavity effective spacing andthe
tally by the confinement of the scattering process within theStokes wavelengt{9]. The anomalous behavior of,
structures of an optical microcavity terminated by dielectricda/d(), and the molecular depolarization ratio related to
mirrors. cavity-confined scattering will be investigated theoretically
Since the early years of quantum electrodynamics, it hagnd experimentally by direct comparison with the free-space

been common knowledge that the spontaneous-emission raf@/ues. _ ) )
of an atomic source depends on the structure of the vacuum- 1h€ present work is organized as follows. Section Il de-
field modes surrounding the atof@l. It is also well known rives the traveling electromagnetic wave modes of the cavity.

that this structure can be strongly modified by appropriaté”Ur calculations are based on a complete set of spatial modes
electromagnetic boundarigsingle mirror or cavities and that cover all .the space, including the interior of. the cavity
over the past decades a great deal of theoretical effort hahd the exterior regions that extend to infinite distances on
been devoted to this procekd). In more recent times, most either side. The radiation field is then quantized in terms of
of the theoretical predictions have been confirmed by severd{!€S€ modes in Sec. lll. The scattering parameters, i.e., the
experiments on atomic spontaneous emission in the micrd:roSS section and the depolarization ratio, for a Stokes tran-
wave and infrared frequency ran@. In the optical domain sition are derived in Secs. IV and V, respectively. The effect

the confinement process has been investigated by the use ¢fsthe random orientations of the molecules on the scattering

single mirrors[5] and, more recently, of the optical micro- Parameters is considered in Sec. V. The problem is then
cavity [6]. specified for the case of the benzene molecule in Sec. VI,

The present work provides a demonstration that thesWhereas Secs. VIl and VIl report the experimental setup and

concepts, investigated so far in the limited domain of theln® complete set of the results, respectively.

atomic spontaneous emission, are in fact relevant in the Il TRAVELING-WAVE MODELS OF

A FABRY-PEROT CAVITY

“Present address: Max-Planck-Institiit uantenoptik, D-85748 In order to calculate the spontaneous Raman scattering
Garching, Germany. cross section in a Fabry-Re cavity, we first determine the
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appropriate complete set of spatial modes for quantization of=1,2. The complex reflection and transmission coefficients
the electromagnetic fielfL0]. Refer to Fig. 1: the axis is  ry;,ty; andry;,ty; of the cavity mirrors are generally differ-
taken normal to the mirrors with its origin in the middle of ent for the two polarizations and depend on the polar angle
the cavity. The mirrors are assumed to have infinite extent®. They are assumed to have the following unitary lossless
in the x-y plane. As shown in Fig. 1, multiple reflections to properties for values of:

the field couple together waves of wave vectors

k. =K(sind cosp,sind sing,cos), (2.1
k_=k(sind cosp,sind sing, —cosd) (2.2 rijtey+ 1yt =r3ty +rt3=0, (2.9

[rj |2+ [tg12=r ]2+t |?=1, (2.9

for (0<¢<1m). Four distinct spatial modes can be con-Where rfj ,tf are complex conjugates af;,t;;. Optical
structed from contributions with the same two wave vectorspropagation within the mirrors is not important for the
For each set of polar anglgsand ¢, there are two trans- Present study and we accordingly ignore their internal mode
verse polarization directions whose unit vectors are choseftructures. For each pair of coupled wave vectorsk_,

to be designed byk for brevity, and for each transverse polariza-
_ e tion there are two distinct mode functions corresponding to
k,,1)=e(k_,1)=(sin¢,—cosp,0), 2.3 . . . : o
ek 1)=2( )=(sing ) S¢_ ) @23 incoming plane waves of unit amplitude that are incident,
e(k ,2)=(cos cosp,cod sing, —sind), respectively, from the negative- and positwesides of the
e(k_ ,2)=(cosd cosp,cod sing,sind), (2.4  cavity. The forms of these functions are obtained, as usual in

Fabry-Peot theory, by summing the geometric series result-
where thek, andk_ designations indicate the polarizations ing from the multiple reflections at the mirrors placed at the
of the respective wave-vector contributions. It is convenieninutual distancel. The two kinds of spatial dependence are
to indicate the polarization$2.3) and (2.4) by an index thus given as follows:

Mode functionU(r)

k. k_ z
explk.-r) Ry; expk_-r) —0<Lz< — >
d d
t1j expik, -r)/D; tyjr 2 expik_-r+ikd cost)/D; - §<z< +§
d
Ty; expk, -r) 0 §<z<+oo
_ 2.7
Mode functionUy;(r)
k- k. z
d
Ty explk_-r) 0 foo<z<fE
d d
ty; exp(k_-r)/D; tyirqj explk, - r+ikd cost)/D; — §<z< +§
d
expik_-r) Ry expky -r) §<z<+oo
(2.8

where the expressions in each row(&f7) and (2.8) repre- The last three quantities represent the reflection and trans-
sent, as shown in Fig. 1, the plane-wave mode functionsnission coefficients of the cavity as a whole. With the use of
propagating in the space portions indicated at the right-han¢®.5) and (2.6) they satisfy

side and excited for the setd,; and Uy; by the waves

exp(k, -r) and expik_-r), respectively. In(2.7) and (2.8 |Rkj|:|R|Lj|, (2.13

the various quantities are defined as

Dj=1—r4ry exp2ikd cos), (2.9 |Rkj|2+|Tkj|2:|Rl’<j|2+|Tlij|2:1' (2.14
Ryj=[rij exp(—ikd cosd) +r(t];—r%)) N Th R TH=0. (2.19
xexp(ikd cosd]/D, (2.10

These properties ensure the normalization and orthogonality
of the two modes that have the same wave vector and polar-

T = T="ajt2 /05, 21D zations and the general relations are

R((,E[rzj exp(—ikd COSt9)+rlj(t§j_r§j)
: Y % =
x explikd cos)]/D; . (212 J ar etp-envgnuigin-o. @ie
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denoted by éﬁj,ékj and é&f,éi’(j, respectively, where

j=1,2 indicates the choice of mode polarizatith3) or
(2.4). With k taken to be a continuous variable, the operators
satisfy the commutation relations

\/{N [ékj,él,j/]=[akj,éktj,]=5”r§(k—k’),
Y/( [akj,aktj/]:[a{(j,aktj,]=0. 3.1

5 The electromagnetic-field quantization now proceeds in the
Bl e ] —. usual way[11] and we quote only the main results.
The interaction Hamiltonian for the radiation field, the
electrons, and the nuclei of the molecule may be expressed
\“\(\ by the sum

7
4'//7 A R
’ Hr=Hgr+Hey, (3.2

whereHgg is the Hamiltonian for the interaction in the cav-

l'a/a ity of the electrons with the electromagnetic field at the

e Raman-Stokes frequenay=ck and wavelength\ =2#/k
and with the incident field with frequenay;=ck; and po-
larization &; . The microcavity mirror reflectivities are such
thatonly the Stokes radiation is confinedgy, is the Hamil-

z tonian for the interaction between the electrons and vibra-
tional motion of the molecule. The explicit form of the first

Y contribution in(3.2) is given by the sum of two terms, cor-

responding to the two different fields

FIG. 1. Geometry of the Fabry-Re microcavity showing the

two kinds of modesk . andk_ . Mirrors labeled by 1 and 2 in the Her=H;+H, 3.3
text are represented, respectively, on the left and right in the ﬁgure\ivith
. . * ~ i ﬁCki llz,\_f R )
f dr e(k,j)-&(k’,j )Uyi (1)U (r) H;=i ZPRY aji&-pexp—iki-r)+H.c. (3.4

=2mgj 0(k—k"), (217 for the incident field having the polarizatio) that is or-
thogonal to the axis and makes an anglewith the vertical

together with the identical normalization integral for the axisx. The interaction Hamiltonian is
primed mode functiori2.8). The modeg2.7) and(2.8) form hok |12
a co_mplete set of_ functions for aI_I the space, mc!udmg_the Hzif dk> (_3) “{ty[e(k, j)exp —ik, -r)
interior of the cavity and the exterior regions on either side. p \167%go) D
They allow calculations to be made of the spontaneous- ) ) ) at
emission rates for the atoms that are excited in cavities T &(K-.])rzj exp(—ik_-r—ikd cos)]a,
whose mirrors both transmit nonzero fractions of the emitted . . .
intensity. Likewise, this set of modes is taken as the basis of +iglatk-.j) exp(—ik_-r)+ (k. j)ry;
our quantum-dynamical approach in the present work on Ra- ey —ik, -r—ikd cosd)] a/l}- p+H.c. (3.9
man scattering. In the limiting case of a perfectly reflecting !
closed cavity, the traveling-wave mode functions used hergyr the vacuum stokes field, whereis the space vector in-
reproduce results ordinarily obtained with standing-waveside the cavity indicating the position of the molecule and
modes, while in the opposite extreme of an absent cavity, tth is the dipole moment operatoia.k]- and éiki are single-
mode functions(2.7) and (2.8) taken together produce the mode Bose operators representing the electromagnetic fields

gsual complete se_t_of plane waves in infinite free space. I_rét the Stokes and incidefppump frequencies, respectively.
intermediate conditions the modes form a convenient basigy o \ibrational contribution is given by the first-order ap-

f_or_ge_nera! calcula'gions and they_ are free of_the p(.)temia'%)roximation of the Coulomb energy changes due to the rela-
I|_m_|tat|ons inherent in modes_ restricted to exterior regions okje motions of the nuclei with respect to the electrons. If
finite extent or to only one side of the cavity. Q. indicates the normal coordinates of the nuclei, then this
contribution is[12]
lll. FIELD QUANTIZATION AND INTERACTION

HAMILTONIAN Hev=2, kaQa, (3.6)
a
The electromagnetic field is quantized by the introduction

of the mode creation and destruction operators. The operdahe sum runs over the possible molecule vibrations of fre-
tors for the modes with spatial functiong,; and U;j are quency(l,, and
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2 hw+ el
20,c*

4.2)

;\(a:(aHCOUI) _ € (0-'(Z(rlr|(r) (37)
0

3Qa o dmeols 3Qa

is the operator that mixes the electronic states, whasghe ~ Where e(w;) and e(w) are the dielectric constants of the
electronic chargeZ,, the charge of the nucleus, andr,, ~ medium atw; andw, respectivelyc is the velocity of light,

the distance between the electioand the nucleusr. The  v=1/[exp@./ksT)—1] is the average quantum number of
index 0 means that the derivatives have to be taken at thé@e thermally excited vibration of the chosen Raman mode,
equilibrium configuration of the molecule. The normal coor-andL" is the local-field correction factdr6]. The m func-
dinate operatoQ, is given in the quantum-mechanical de- tions appearing in the expression of the cross section Eqg.
scription of the harmonic oscillator by (4.1) express, in a detailed form, the interplay of the various

polarization components brought about by the cavity struc-

A:( e(w)

&(w;)

0

- no\Y2 . ture. They are given by
Qa=<29 ) (b3+by), (3.8
a . - . o
o My;(—)={([ (k4 .j)-Ra-&1%)+|r|*[e(k_,j)-Ra- £1%)
whereb! ,b, corresponds to the Bose creation and destruc- LB IS
tion opearators of the vibrational mode Hence the Hamil- +2[ro[([e(ky,j)-Ra-&lle(k—,j)-Ra-&1)
tonian (3.6) becomeg13] X cog k(d—2z)cost+ o1}, 4.3
. i 1/2 . . A A
Hev= 2>, (E) %a(bI+D,). 3.9  my(+)={([e(k_.j)-Ra- &1 +|ry|X[e(ky .j)-Ra- &1%)
a a

_ _ +2|ryl([e(ks ,j)-Ra- &ille(k,j)-Ra-&1)
In (3.2 both Stokes and anti-Stokes processes are in-
cluded. The suitable combinations of the operators contained X cogk(d+2z)cost+ by}, (4.4

in the overall Hamiltonian are - ) )
wherez refers to the position of the molecule in the cavity

(éik_'élj or é-lqu ,B;)—>Stokes transition, (3.10  (Fig. 1) and the¢ term is the reflection phase of the Stokes
' field data at the mirror. The notatian) refers to averages
over the random orientation of the molecular axes in the
medium, assumed throughout this paper to be in the liquid

The double choice for the scattered field operator means thgpase, at tgmperatuF’e .
the detector placed outside the cavity can detect the photon.EXpress'on(4'l). Ieadsi “F’S” removal_ of _the reflecting
emitted from the molecule inside the cavity into tke or mirrors (i.e, by takingry;=r5=0 andty;=t;=1), to the

k _ direction. Since the present spontaneous-emission expemell—know formula valid in absence of any confinemgta]
ment deals with a Stokes process, we disregard the anti-

Stokes contributior§3.11) in the rest of the paper. go(j):AJ {{[e(k. ,J')"ia' gi]2>

(A al; or ayf ,b,)— anti-Stokes transition(3.11)

IV. RAMAN SCATTERING CROSS SECTION +([&(k_ ,j)- Ry &12)}1dQ. (4.5

The spontaneous Raman scattering cross section is calcx— | h | . f th lati .
lated using the time-dependent perturbation thdd#j for t azt the ge'f‘er";“ efxpressmn of the relative cross section
one molecule of the medium placed in the vacuum field of "3 D€ given in the form
the cavity. Let us suppose that an incident excitation photon 1
at frequencyw; with polarization vectog; is annihilated and ’ f W{t1j|2m2j(_)+ |t2j|2m1j(+)}dﬂ
creates a scattered photon at the frequeneyw; — (), and o(] _ i

q . - .
Igt us c.aIIRe} .the 3X3 Raman 'Fengor. The elemerR§ .of ao(]) f ([e(k, ,j)~Ra-£i]2>+([£(k_ ,j)~£i]2>}dQ
R, are identified by couples of indicgsandq, representing,
respectively, the spatial principal ax¥s Y, Z of the mol- (4.6)
ecule. _ . : .

The general free-space Raman scattering process for @n the basis of this expression, representing one of the rel-
liquid has been studied in the past by several authors fgpvant results of this work, the theoretical curve of Fig. 5 has
instance, Peticolast al.[13,15 and Kato and Takumfl6]. ~ Peen drawn. , _ _

In a microcavity, the usual expression for the Raman cross NOte thatin the simple case of a diagonal spherical tensor

section is modified by the mode structures containe@.i9.

For each polarization of the scattered radiation we may write @

accordingly R.=| 0
0

a

0
0 @.7
(44

o  ©O

1
U(j):AfW{|t1j|2m2j(_)+|t2j|2m1j(+)}dﬂy (4.7)

we reproduce the results already obtained for the
where| D; | =2 is the Airy factor of the cavity witlD; givenin  spontaneous-emission rate of a dipole wittoriented paral-
Eqg. (2.9 and lel to the mirror plang expression(4.4) of [10]]
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o 3(1 1
o0 = gfo W( ([tya 2{1+]r 202+ 2| r 5 cog k(d — 22) cOSI+ g ]} + [t g *{ 1 +|r 152+ 2| r 15| cog k(d +22) co+ b 14]})
+ WC2(|I12| 201+ 159 2+ 2|r po cog k(d— 22) cosH+ o]} + [t H{ 1+ |1 152+ 2| r 1,c08 k(d+ 22) cos
+ ¢1ﬂ})> dc. (4.9
T
It can be easily proved that this very particular symmetry of ([e(ky ,j)- ﬁa. glle(k_,j)- éa. 1)
the Raman tensoR, leads to the maximum value of the
scattering enhancement due to the cavity confinement. .
g y =<(2 [e(k, ,mARQ*‘[ei]M)
V. RAMAN TENSOR: MEAN VALUES AND > 2 [s(k j)] R}"“,[s] >> (5.3
— N a i M/ y .
)\/”u/

THE DEPOLARIZATION RATIO

We turn now our attention to the averages that appear iyhere the indices., ,\’, ' run over the laboratory coor-
(4.3 and(4.4). Their explicit forms are dinates. Since the elements of the Raman tensor are intrinsic
properties of the molecule and are generally expressed by
RPY with p,q=X,Y,Z, we must transfornR}* into the cor-

2 . . :
responding elements given in the molecular frame

([e(k .J)- Ry 8i]2>:<(% [&(k, ,j)]xRQ“[si]M) >

(5.0 Ry = ADALREY, (5.4)
P.q
A 2 with A’,; and A¥ the direction cosines between the fixed
([e(k_ ,j).Ra.gi]2>:<(E [e(k_ ’j)])\Rg'u'[gi]M) , !aboratory axes and the molecule axes. Inserting(@hé)
A into the (5.1), we can perform the average by using the

(5.2 evaluations of the direction since averages given in Réf.
Assuming that the Raman tensor is symmetric, the result is

1 - 1 I
_ RII 2+_ RIIRJJ+
5 2 RV 5 2

| &

> (RH?|([e(ky ,j)]n)?
5 i#]

=

N

((e(ky,j)-Ra €)2)=2 {

(Le(ky ,J')],L)Z] ([&i0)?

MFEN

; [e<k+,j>]x[si]x§ [e(ky )]l &,
(5.5

MFEN
+2
o

1 - 1 T | -
_ R 2_ RiIRI+ = R 2
15 2.: (RY) 30 2’1 5 ;, (R)

N

. 1 2 .
1_5 z (R”)2+§ E RIIRJJ+1_5 z (R'J)Z

i i1 #] i1 #]

+

An analogous result is found for the avera@e?). Equation(5.3) gives instead

([e(ky i) -Ra-&][(k_,j)-Ra-&1)

1 ; 1 L4 y 1 N 2 -
Z[E Ei (R”)2+1—5 iZﬂ RIR ¢ i;j (R")Z}EK [e(ky DI\[e(k— ) Ix([&10)>+ 15 Ei (R”)2+1—5 izil( R'RI
-2 > (RH2| X [e(k,)]il&] E)\ Le(k—,])]ul&],+ L > (R”)Z—i > R”R”JFE (R)?
15 {7 X +ol)hlLEdh m -l 4 30 {7 5 {7

BFN LEN
x|2 [8(k+aj)]>\[8(k7:j)])\% <[si]ﬂ>2+; [e(ks D I\[&] 2 [e(k,j)]ﬂ[ei]ﬂ]. (5.6

A M
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K K; by the confinement acting oi,. The numerical evaluation
w takes into account the uniform distribution of the molecules
' filling the space between the mirrors. Note how the value of

i f 0
MR PM, d determines the extreme valuespfConsiderd<<A/2: both
It |:|...e.NE M\ the intensitied, andl, are inhibited, whilel, is not. Then

: : P p is virtually infinite. On the other hand, for a large cavity,
0 : I i.e.,d=\/2, I, andl, are determined by thk-vector reso-
IF nances allowed by the cavity. This behavior has been experi-

l mentally investigated and the corresponding results are given
:[I in Sec. VIl and in Fig. 8.

e |F=:

\ -
! H
Nd-YAG laser : J

“p rotator

" | PM1
ucavity

) VI. THE CASE OF BENZENE: NORMAL MODE A4
FIG. 2. Layout of the Raman apparatus and Feynman diagrams

for electric-dipole interactions in Raman scattering. The generally theory given in the previous sections will
now be applied to the specific case of the benzene molecule,

Note that the polarizations of the incidefeixciting and of  the actual object of our experimental investigation. We will

the scatteredmeasuref fields are expressed i6.5 and  be concerned with the normal vibrational mode,, with

(5.6) by the Cartesian componentsu of the unit vectors  the Raman shift equal to 3062 ¢ In this particular case

g ande(k-,j), respectively. the Raman tenstAl is diagonal and can be represented in
Another quantity characterizing the scattering of an anisonatrix form as[15] o

tropic medium is the “depolarization ratio” defined as the

ratio between the components and I of the scattering

intensity polarized in the directions perpendicular and paral- -

lel to the incident field polarizatios; , RAlg:

p=1,11. (5.7)

In order to derive its expression, we first note that the intenWhere and 8 are parameters expressed in terms of products
sity | is proportional to the differential cross section @ B P P p

of dipole moment matrix elements relative to virtual transi-
tions among the electronic and vibrational levels of the mol-
ecule. They are evaluated by third-order perturbation theory
and their explicit, detailed expression is given in Rdf3].

(L is the incident beam intensity per unitary surfaeed  The presence of unequal elements in the main diagonal of

: (6.1)

O O R
o R O
=™ © o

1do=L 2% 40 58
=L3g (5.9

then the depolarization ratio is equally given by Ra,, produces a nonvanishing scattering depolarization ratio,
do which for a spectroscopically conventional scattering geom-
a9 | etry, i.e., in the absence of confinement, is given by the ex-
= = ression
p ( da) ) 59 p
i/, (a—B)?

Po= o2 2 : (6.2
The explicit expression of the depolarization ratio depends (8a"+35"+4ap)

on the specific molecular parameters. In Sec. VI we give this
expression relative to the benzene molecule. Here we judt has been found thai,= 0.22 for the liquid phase of ben-
give some very general considerations on the behavior ckene at room temperatuf8].

p(d, 6). Consider the case of an orthogonally injected, ver- By inserting(6.1) into the averaging expressi¢h.5 and
tically polarized incident field with intensity;, with the  (5.6), we obtain the relative scattering cross sectidmr, for
scattering in the horizontal plane occurring with componentghe condition of microcavity confinement and for a polariza-
of the scattered intensity, and I, corresponding, respec- tion of the incident field lying in thehorizonta) plane of
tively, to a vertically polarized field and to a horizontally observation & parallel toy axis; =90°, Fig. 1. For the
polarized field. The ratid, /I, is the depolarization ratip ~ sake of simplicity, all the given expressionsafo, account
depending on the scattering angle The quantityl,, can be  for the sum of the scattering probabilities relative to the two
further split along the two horizontal axgsand z of the  states of polarization, for each scatterkgector. Then
laboratory frame. We first note that the componkgnis not

affected by the confinement. This means thaéxperiences o

3 1
the presence of the cavity only through Now if we mea- = 8(1+—2p0)f0 (1+po){xaa(+)+x22(—)

0]

sure the radiation at small scattering anglgs; 1, and there-

fore the confinement acts in the same waylgrand onl, +C x1+)+x2o )1}

owing to the cylindrical symmetry of the problem. Their ra- )

tio is then unaffected by the microcavity aptlpy~1. Sup- +2po(1-C)[L1 +)+ Lo —)DdC, (6.3

pose now that we measure the radiationfat90°. There
=1, and the depolarization ratio is completely determinedwhere
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|t2-|2 PZT2
X1j(+)= ﬁ{l+|rlj|2+2|rlj|
i

X cogk(d+2z)cost+ 1}, (6.4 < l >
MS MS
|ta]? =

X2j(_):W{1+|r2j|2+2|r2j| szl

xcogk(d—2z)cod+ ¢y ]}, (65 M1 7 E

Mirrors l

MS2

FIG. 3. Detailed microcavity structure without the mirror
|t12|2 “bottle” for liquid benzene.

Lo —)= m{l+|rzz|2—2|rzz|

[taol?
L1 +)= |D_2|{1+ |r1a2=2|r

X cog k(d+2z)cosf+ ¢1,]}, (6.6

The total energy associated to each excitation pulse was 35
mJ with an energy stability of 3.5%. The beam, with a cross
section of 1 cr, was generated by a second-harmonic pro-
&ess induced by &-switched Nd:YAG lase(where YAG

X cog k(d—2z)cosh+ ¢y} (6.7

The calculation of the total cross section corresponding t i > ?
an incident field depolarizatios, parallel to thex axis gives ~ denotes yttrium aluminum game(Continuum, model Sure-
the same result as that inferred from the cylindrical symme!it¢). The polarization of the second-harmonic laser beam

try of the problem. The expression of the depolarization ratigV@s controlied by a broadband polarization rotdtéewport,

can also be calculated explicitly for the case of cavity con-medel PR550inducing a rotation anglé, on the planex-y,

finement. In this case the polarizatiefk. ,j) of the scat- of the polarization ve.ctoei of the exmtat!on.beamz,_(=0 for
tered field is, of course, relevant. Let us evalyalg, for the & Parallel to the verticak axis). The excitation optical pulse
only significant cas€19], i.e., the one in whic, is perpen-  Was then injected in the microcavity with a directienor-
dicular to the plane of polarization, the horizontal plane.thogonal to the mirrors. The microcavity spacing was filled

Then the orthogonal and parallel polarization vectors of theVith liquid benzene aT =300 K. The absence of any stimu-
scattered field are lated Raman process was verified throughout the experiment

by testing the linear dependence of the forward-scattered in-

g, =&(K. ,2)=(cos,0,7sing), (6.9 tensity on the exciting one.
The microcavity consisted of two-plane, equal, circular
g=€(k.,1)=(0,-1,0) (6.9  multilayered-coated mirrors or Bragg reflectors, manufac-
tured by Virgo Optics, Inc. They exhibited a high transpar-
and the depolarization ratio is expressed by ency at the exciting wavelengi and a very high reflection
(R=0.998) at the Stokes wavelengit~635.5 nm. The
p(6) vy + )+ y2d—) (6.10 structure of the coatings, deposited over BK7 glass substrates

with a diameter of 25.4 mm and planarity greater than or
equal toA/20, consisted of 25 alternate, unequal thickrntess

po  X1(+T)+x2(—)’

where layers made by two semiconductor materigd$O, and T,
It/ 0O3) with different refractive indices. The sequence of the
yio +)= iz{l+|r12|2+ 2(2 co20—1)|ry) h values, given in units of 10" um, was [glass+”
D, 1.49-12<(H” 2.27-L" 1.49-air]. The labelL” represents
Si0,, n=1.49 at 632.8 nm whileH” represents F0;,
X cog k(d+2z)cos9+ , 6.1 : 3
gk ) ¢} .13 n=2.27 at the same wavelength. The optical parameters of
|t15]2 the mirrors, i.e., reflectivityR( ) and phasep(6), were ac-
Yoo =)= |Dl_|2{1+|r22|2+ 2(2 cog0—1)|r,y curately determined by an extensive computer calculation
2 based on the Lisberger-Wilcock algorithf20], which we
X cog k(d—22)cost+ o]} (6.1  tested in another workiOQ].

Since the main purpose of this work is to investigate the
Note that the expressiai6.10 tends to unity as soon as the dependence of the relevant scattering parameters on the size

cavity is removed, i.ef;;=r,=0 andty;=t,;=1. d of the microcavity, this one had to be adjusted in a precise
and controllable way at “microscopic” values comparable
VIl. EXPERIMENTAL SETUP with the Stokes wavelength=635.5 nm. For this purpose,

the mirror holders were mounted over two independent mi-
The vibrational transition of the ¢Elg molecule corre- crometric slideSMSS) allowing fine adjustments along the
sponding to the totally symmetric specids, with Raman  optical axis of the syster(Fig. 3. One of theséMSI) was
shift Avcy=3026 cm'! has been investigated under excita- controlled manually with an accuracy of k0m. The other
tion provided by coherent optical pulses\at=532 nm, with  (MS2) was driven by a step-by-step displacévlicro-
6 nsec duration and with a repetition rate of 20 fipig. 2). Controle, model UT 50.20 BFhaving a translation resolu-
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8000

6000

also ensured by two computer-controlled piezoelectric push-
ers (PZT2 connected with the mirror holders. In order to
- avoid the evaporation of the liquidgBg in the microcavity,
2000 we had to conceive of a kind of an elastic, very light cylin-
r 1 drical bottle sealed on the circular sides of the mirrors.
O e PR PR R The intensity of the scattered radiation detected by the
o 1 2 3 4 5 6 7 8 98 photomultiplier was measured by a photon-counting tech-
Mirror spacing 2d/A nigue by using a SR400 Stanford Research System gated
counter. The counting gate was set to 200 nsec and the data
FIG. 4. Differential cross sectiond¢/d(2)/(do/dQ), relative  were handled by a computer. The scattered light emitted by
to the corresponding free-space value as a function of the mirrofhe microcavity intransversedirections was detected by a
spacingd for. the confined Raman scattering it and for the  gecond phototube PM By a precision optical system, the
Aig mode with Avcy=3062 cm * (Stokes wavelength =635.5  giokes photons diffracted by the borders of the mirrors were
nm). The lower plot expresses the results of the theory. focused on the cathode of BM There again, the photon-
counting technique was adopted.

4000

Differential cross section

tion of 1000 A and controlled by an electronic driéicro-
Controle, model IT 6D CA L In addition, a finer motion of
translation was ensured by a piezoelectric pusBerleigh, VIIl. EXPERIMENTAL RESULTS
model PZ-30, indicated as PZT1 in Fig, Shich provided a
total motion of 5um for an applied voltage of 1 kV. The
applied voltage feeding the PZT1 transducer was controlled The confined Stokes radiation atwas detected in the
by a computer. This allowed a high-precision scanning of thdorward directiond=0 over a solid angleA()=1.3x10"*
mirror distance over few Stokes wavelengths. sr. The scattering data obtained in vacuum-confinement con-
Consideration of the thermal expansions of the materiaflition, i.e, for a “microscopic” value of the cavity dimension
forming all the overall cavity structure was found to be im- d=X\, were compared with the “free-space” values obtained
portant in the context of our high-precision measurementin absence of the cavity mirrors, i.e,. with mirror reflectivi-
The material chosen for the realization of the cavity structurdies R=0. We found that free-space condition was well ap-
was steel AISI 410 having a coefficient of linear expansionproximated by settingl at “macroscopic” valuesd=10°\.
of 10.3x 10 ® K~1. The high thermal stability of the overall The dependence od on the differential cross sectign
system was also determined by an accurate air-temperatueyaluated along the axialdirection, is shown in Fig. 4. The
control of the laboratory for the whole duration of the mea-results show a dramatic enhancement for increasing confine-
sure. The condition of thermal stability, the alignment of thement (i.e., for decreasingl) of the peaks of do/d(}) ap-
Fabry-Peot cavity (i.e, the parallelism of the mirroysand,  pearing ford=n\/2, with n a whole number greater than 1.
most important, the absolute valaeof the cavity spacing The most dramatic effect of confinement on the scattering
were determined by repeated observations, during the expenedistribution shown by Fig. 4 comes with a still more im-
ment, of the interference Airy transmission peaks generategortant phenomena. As shown by Fig. 5 tb&al scattering
by a cw,on-ling, He-Ne laser. This one was injected orthogo-cross sectioni.e, the emission probability ovedll channels
nally onto the cavity and detected through the sideband of ais also largely affected by the confinement process. We see,
interference filter, centered oo=635.5 nm with bandwidth for instance, that fod~\/2 any single molecule scatters
AN=0.3 nm. This filter was placed in front of the same over all angles about 1.5 times more efficiently than in free
photomultiplier (RCA, model C31034A-02, PMof Fig. 2 space, while ford<\/2 the overall scattering process is
that was used to detect the Raman-Stokes light in conditiostrongly inhibited: there the molecular dipole is “frozen” for
of pulsed excitation. The fine alignment of the mirrors wasthis particular Raman mode.

A. Cross section
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FIG. 7. Angular dependence of the depolarization ratitpf)
relative to the free-space value in the horizontal plape)( for a
vertical direction of the incident polarizatios) (¢=0) and for a

270° cavity dimension of &/2. The geometry of the scattering kinemat-
: ics is reported in the inset: refer to the text for a description.

FIG. 6. Angular dependence of the scattered intensity emitted in o )
the transverse microcavity plare=0 along they axis. The re- B. Depolarization ratio
ported intensity distribution is relative to the anglebetween the The angular dependence of the depolarization raiia,)
exciting field polarizatiore; and thex axis in the transverse plane. rg|ative to the free-space value in the horizontal plane for

vertical incident polarizatior;(¢=0) is reported in Fig. 7.

The experimental data ob{oy), reported in Fig. 5, rep- Note the strong confinement effect &:90°, in agreement
resent the most important result of the present work. Theyvith the theoretical discussion given in Sec. V. A strong con-
also correspond to the hardest experimental challenge facdithement effect for the scattering depolarization ratio at
during the work. Each experimental point of Fig. 5 was thed~90° vs the mirror spacingd is shown in Fig. 8. The data
result of several combined detection and photon-counting exshow that the effect of confinement is gradually attenuated
periments carried out with both phototubes P&hd PM toward the free-space valug(90°)/py(90°)=1 for large
and lasting hours. By the phototube PMhe Stokes inten- d’s. The corresponding theoretical pl¢golid line) is also
sity was detected in the forward direction, with different shown. It has been derived by integrating the result of Eq.
scattering angles® and with different acceptance angles (6.10 over a randomly oriented distribution of excited mol-
AQ of the detector. By the phototube Bihe Stokes inten- ecules and for a finite diameter of the mirrors.
sity was detected in transverse directions. Consider that, in
order to obtain a consistent datum at a certain valud, & IX. CONCLUSIONS

very large stability of the overall experimental conditions L S
had to be attained, namely, the laser intensity, the thermal We have reported a rather extensive investigation of spon-

drift of the cavity, the stability of the electronics, etc. Note [@N€0US Raman scattering in the microscopic FabrgiPe
also that the overall experiment, i.e., carried out for differentcav'ty; The theory is based on thg complete set of modes
values ofd, lasted days. Then the consistency of the datfl€Scribed by2.7) and(2.8). The main result is the expres-
reported in Fig. 5 still required an exceptional experimentaffion (4.6) of the total cross section for a random, oriented
stability and a careful control over all parameters.

The theoretical plot of the total cross section, also shown 10 T v - -t
in Fig. 6 as a solid line, has been determined by numerical -
evaluation of the integral6.3) with a further integration to s , 4

account for the isotropic molecular orientations. We note that
the difference with the experimental data is less evident than
that one reported in Fig. 5 fata/d(). This may be due to
the larger insensitivity of the total cross sectionon the
reflectivities of the mirrors and on the spacitigThe former
effect reduces the influence of the imperfections of the mir- o .
rors, which lower the value of the cavity finesse, while the 2} .
latter reduces the errors coming from the instabilitycon
The angulary distribution of the overall scattering inten- N
sity emitted in the transverse microcavity planeO, i.e., 0 200 400 600 800 1000
with #=90°, has been investigated by changing the angle Mirror spacing -2d/2
¢ of the injected pump-polarization vecter (Fig. 6). We
found that the overall scattering intensity in transverse direc- FIG. 8. Depolarization ratio at 90° relative to the free-space
tion for d=\/2 is about 1% of the total emission. value as a function of the mirror spacinlg

PO0%)/p,(90°)
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molecule. The case of the Stokes shift at 3062 ¢rin a  hancement and inhibition effects similar to the reported ones
liquid sample of benzene has been taken as paradigmatic aade expected to be generally reproduced by other QED scat-
the total cross section has been calculated and measurddring processes involving photon emissi@2]. Examples
Experimental results showing the strong confinement effectould, in principle, be given by the Compton scattering,
have also been given for two directional properties such amatter-antimatter pair annihilation or other scattering pro-
the differential cross section and the depolarization ratio. cesses in high-energy physics. As a further example, our en-
The reported processes are expected to be of relevance flancement scheme could virtually represent the key solution
the field of atomic and molecular spectroscopy. For instancen the experiment aimed at the demonstration of the paramet-
spectra ofelectric-dipole “Raman-inactive” modesi.e., in-  ric photon-photon interaction via the high-order QED, non-
volving high-order multipole transitionsor hyper-Raman |inear polarizatior{23].
transitions could be made observable by our technique. In
other nonlinear optics effects, the striking modification of the
scattering parameters will certainly lead to a “thresholdless”
high-gain behavior of the stimulated process in micropara-
metric or microlaser devicd$,21]. We acknowledge useful conversations with Francesco
A feature of general relevance must be considered in th€airo, Daniele Murra, Rodney Loudon, and Salvatore Cali-
Casimir vacuum-confinement process described above. Efiano.

ACKNOWLEDGMENTS

tions in the active microcavity were investigated by F. De Mar-
tini, M. Marrocco, and D. Murra, Phys. Rev. Le@5, 1853
(1990.

[7] For theoretical Raman investigation regarding some important
nonclassical phenomena, see, for example, C. C. Gerry and J.
H. Eberly, Phys. Rev. 42, 6805(199)); G. S. Agarwal and R.
R. Puri,ibid. 43, 3949(1991); C. C. Gerry and H. Huangpid.
45, 8037(1992; C. K. Law and J. H. Eberlyibid. 47, 3195
(1993.

[8] E. B. Wilson, J. C. Decius, and P. C. Crodplecular Vibra-
tions (McGraw-Hill, New York, 1953, Chap. 10.

[9] F. Cairo, F. De Martini, and D. Murra, Phys. Rev. L&D,
1413(1993.

[1] J. Bjorken and S. Drell,Relativistic Quantum Mechanics
(McGraw-Hill, New York, 1964, Chap. 6.

[2] E. M. Purcell, Phys. Re\69, 681 (1946.

[3] H. Morawitz, Phys. Rev187, 1792 (1969; M. R. Philpott,
Chem. Phys. Lettl19, 435 (1973; C. H. Townes and A.
Schawlow, Microwave SpectroscopyMcGraw-Hill, New
York, 1955, p. 336; J. R. Ackerhalt, P. L. Knight, and J. H.
Eberly, Phys. Rev. LetB0, 456 (1973; J. Ackerhalt and J. H.
Eberly, Phys. Rev. 010, 3350 (19749; I. R. Senitzky, Phys.
Rev. Lett.31, 995(1973; P. W. Milonni, J. R. Ackerhalt, and
W. A. Smith, ibid. 31, 958 (1973; D. Kleppner,ibid. 47, 233
(1981); J. Dalibard, J. Dupont-Roc, and C. Cohen Tannoudij, J.

Phys.43,. 1617.(1982; E.T. Jaynes, ir€oherence and Quan- [10] F. De Martini, M. Marrocco, P. Mataloni, L. Crescentini, and
tum Optics,edited by L. Mandel and E. WolfPlenum, New R. Loudon, Phys. Rev. 43, 2480(199])

York, 1978; L. Allen and J. H. EberlyDptical Resonance and [11] R. Loudon, The Quantum Theory of Lighend ed.(Oxford
Two-Level AtomgDover, New York, 1975 Chap. 7. University Press, New York, 1983

[4] P. Goy, J. Raimond, M. Gross, and S. Haroche, Phys. ReVi12] A, C. Albrecht, J. Chem. Phy84, 1476(1962.
Lett. 50, 1903(1983; R. G. Hulet, E. S. Hilfer, and D. Klep-  [13] W. L. Peticolas, L. Nafie, P. Stein, and B. Fanconi, J. Chem.

pner,ibid. 55, 2137(1985; D. Meschede, H. Walther, and G.

Phys.52, 1576(1970.

Muller, ibid. 54, 551 (1989. For a review on spontaneous [14]J. J. Sakurai, Modern Quantum MechanicgBenjamin/

emission effects with Rydberg atoms, see P. Filipowicz, P.

Meystre, G. Rempe, and H. Walther, Opt. Ac32, 1105
(1989; G. Gabrielse and H. Dehmelt, Phys. Rev. L&f, 67
(1985; W. Jhe, A. Anderson, E. A. Hinds, D. Meschede, L.
Moi, and S. Harochebid. 58, 666 (1987, reported spontane-
ous emission microcavity work in the near infrared=3.59

pum) with a cw technique; D. J. Heinzen, J. J. Childs, J. E.

Thomas, and M. S. Feldbid. 58, 1320(1987.

[5] K. H. Drexhage, inProgress in Optics edited by E. Wolf

(North-Holland, Amsterdam, 1974Vol. 12; F. De Martini,

Cummings, Reading, MA, 1985Chap. 5; a detailed argument
is given in Ref[13].

[15] L. Nafie, P. Stein, B. Fanconi, and W. L. Peticolas, J. Chem.

Phys.52, 1584(1970; R. Loudon., Adv. Physl3, 423(1964).

[16] Y. Kato and H. Takuma, J. Chem. Physl, 5398(1971).
[17] S. J. Cyvin, J. E. Rauch, and J. C. Decius, J. Chem. R4§s.

4083 (1965.

[18] H. Mikosch, J. Mol. Struct218 243 (1990.
[19] J. H. Hibben,The Raman Effect and its Chemical Application

(Reinhold, New York, 1939 Chap. 4.

Phys. Lett. A115, 421(1986.
[6] F. De Martini and G. Innocenti, iQuantum Optics IVedited
by J. Harvey and F. Wall&Springer, Berlin, 1985 F. De Mar-

[20] P. H. Lissberger, J. Opt. Soc. Am9, 121(1959; P. H. Liss-
berger and W. L. Wilcockibid. 49, 126 (1959.
[21] W. Hsieh, J. Zheng, and R. K. Chang, Opt. Let8, 497

tini and G. Innocentiunpublishegt F. De Martini, G. Inno-
centi, G. R. Jacobovitz, and P. Mataloni, Phys. Rev. L%9f.

(1988; H. Lin, A. Huston, J. D. Eversole, and A. J. Campillo,
J. Opt. Soc. Am. B, 2079(1990.

2955(1987. The quasithresholdless dynamics in the microla-[22] G. Plunien, B. Muller, and W. Greiner, Phys. Ref84, 89

ser was reported by F. De Martini and G. R. Jacobovitid.
60, 1711(1988; F. De Martini, Phys. ScR1, 58 (1988, F. De

Martini, F. Cairo, P. Mataloni, and F. Verzegnassi, Phys. Rev. A
46, 4220 (1992. The transverse interatom quantum correla-

(1986.

[23] C. ltzykson and J. ZubeQuantum Field TheoryMcGraw-

Hill, New York, 1980, Chap. 3; J. McKenna and P. M. Platz-
man, Phys. Revl129 2354(1962.



