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The quantum theory of the spontaneous emission (SpE) from an active microscopic cavity (micro-
cavity) is given with emphasis on mirror separations of the order of the optical wavelength. The
theory is based on a complete set of orthonormal-mode functions that include both transverse polar-
izations and span the infinite three dimensional space that pervades and surrounds the microcavity.
SpE rates for different active-dipole orientations and cavity configurations are calculated. The SpE
pulse shape detected outside the cavity is shown to be generally nonexponential. A detailed com-
puter simulation of the process is presented on the basis of the given theory in the perspective of our
experiment, for a cavity terminated by mirrors bearing either metal- or semiconductor-multilayered
coatings. We then report an extensive experimental verification of the theory by adopting an Eu-

0
dibenzoylmethane complex as active medium with SpE from the 'Do- F~ line at A. =6111 A, under

0

coherent uv excitation at A~
= 3547 A. The results show evidence of "SpE inhibition" and

"enhancement, "of nonexponential decay of SpE signals, and of competition with superradiance and
stimulated emission. Finally we report the results of an experimental test of the algorithm adopted
in all computer calculations of the optical parameters of the multilayered structures used for cavity
confinement.

I. INTRODUCTION

The problem of the interaction of atoms or molecules
with the radiation field in its quantum ground state and
in the presence of electromagnetic boundaries has attract-
ed in the past a great deal of attention both on the
theoretical' and experimental sides. In recent times
spontaneous-emission (SpE) enhancement-inhibition pro-
cesses have been investigated in the microwave, infrared
zones of the spectrum mostly by macroscopic cavity
structures. The realization by our laboratory in Rome of
the "microscopic cavity" (microcavity) and its applica-
tion to SpE studies had added new features to this field of
investigation often referred to as "cavity QED". The
optical frequency of the field interacting with atoms in
the cavity prevents any stimulated-emission (StE) eff'ect

due to the residual Planck s radiation, which is mostly
e6'ective at far-infrared, microwave, and larger wave-
lengths. Moreover, the Casimir-type extreme vacuum
confinement realized by this device leads to novel atom-
field interaction processes as the competition of SpE with
StE in thresholdless-laser dynamics and to the recently
reported evidence of transverse interatom quantum corre-
lations. The early sections of the present paper give a
detailed quantum theory of SpE in a microcavity with the
explicit evaluation of the SpE rates. Section II derives
the traveling-wave modes of the cavity. In contrast to
much of the earlier work, our calculations are based on a
complete set of spatial modes that cover all of space, in-

eluding the interior of the cavity and the exterior regions
that extend to infinite distances on either side. The radia-
tion field is quantized in terms of these modes in Sec. III,
and the SpE rates are derived in Sec. IV. The results can-
not be evaluated analytically in the general case, but they
include various special cases and contact is made with ex-
pressions that have previously been derived for some of
these. Section V gives the radiated-field operator for em-
itting atoms placed inside the cavity with detection out-
side it. There it is shown that SpE in a microcavity is a
highly anisotropic process requiring a careful considera-
tion of the mode orientation over which the detection is
carried out. Section VI is devoted to the analytic evalua-
tion of the generally nonexponential decay curves detect-
ed outside the cavity. These sections are followed by a
detailed computer simulation of the process of SpE in
conditions close to those of our experiment. Then, in
Sec. VIII the description of the experiment and the ex-
perimental results is given for a microcavity terminated
both by metal mirrors and by semiconductor-layered mir-
rors. The results of a detailed experimental test of the al-
gorithm adopted in the computer simulation are also re-
ported in the Appendix.

II. TRA VELING WA VE-MODES
OF A FABRY-PEROT CAVITY

In order to calculate the SpE rate of an atom in a
Fabry-Perot (FP) cavity, we first determine the appropri-
ate spatial modes for quantization of the electromagnetic
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field. The forms of the modes for propagation perpendic-
ular to the plane mirrors of the cavity have been studied
by Ley and Loudon. We have generalized this work to
cover all spatial directions. The geometrical details of
the cavity are illustrated in Fig. 1. The z axis is taken
normal to the mirrors with its origin in the middle of the
cavity. The mirrors are assumed to have infinite extents
in the xy plane. As represented in the figure, multiple
reflections couple together waves of wave vectors:

0
I

k+ =k ( sin 6 cos@,sin 6 sind&, cosB )

k =k(sinBcos@, sinB sin@, —cosB),
(2.1)

for (0 ~ 6 ~ ,'vr). Fo—ur distinct spatial modes can be con-
structed from contributions with the same two wave vec-
tors. For each set of polar angles, 6 and 4, there are two
transverse polarization directions whose unit vectors are
chosen to be

, P

P

6/2 ' c$/2

e(k+, 1)=e(k, 1)= (sinN, —cos@,0), (2.2)

e(k+, 2) =(cosBcos4, cos 6 sin@, —sinB),

e(k, 2) = (cosB cosC&, cosB sinN, sinB),
(2.3)

FIG. 1. Geometry of the Fabry-Perot microcavity showing
the two kinds of modes and the geometrical orientation of the
dipole p. Mirrors labeled by 1 and 2 in the text are represented,
respectively, at the left and right in the figure.

(2.4)

r &zt&~+r&jt Iz =rzztz~+rzzt&~ =0, (2.5)

where the k+ and k designations indicate the polariza-
tions of the respective wave-vector contributions. It is
convenient to indicate the polarizations in (2.2) and (2.3)

by an index j=1,2. The complex reflection and transmis-
sion coe%cients r, , t, and rz, t z of the cavity mirrors
are generally different for the two polarizations and de-

pend on the polar angle e. They are assumed to have
the following unitary lossless properties, for all values of
e:

where r» and t» are complex conjugates (c.c.) of r» and

t& . Optical propagation within the mirrors is not impor-
tant for the present study, and we accordingly ignore
their internal mode structure. For each pair of coupled
wave vectors k+, k designated by k for brevity, and for
each transverse polarization there are two distinct mode
functions corresponding to incoming plane waves of unit
amplitude that are incident respectively from the nega-
tive and positive z sides of the cavity. The forms of these
functions are obtained, as usual in Fabry-Perot theory, by
summing the geometric series resulting from the multiple
reflections in the mirrors. The two kinds of spatial
dependence are thus given as follows:

exp(ik+. r)
t, exp(ik+ r)/D,

Tq exp(ik r)

Mode function U& (r)
k

Ri, exp(ik r)

tie r~/exp(i k r+ikd cosB)/D/.
0 (2.6)

Mode function Ui,i ( r)
k

T'„)exp(ik .r)
t~ exp(ik .r)/Di

exp(i k r)

0
t~ r, exp(ik+. r+ikd cosB)/D

R i„exp(i k+ r)
(2.7)
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where the expressions in each row of (2.6) and (2.7)
represent, as shown in Fig. 1, the plane-wave mode func-
tions propagating in the space portions indicated at the
right-hand side (rhs) and excited for the sets Uk, Ukj by
the waves exp(ik+. r), exp(ik r), respectively. In (2.6)
and (2.7) the various quantities are defined as

gether produce the usual complete set of plane wave in
infinite free space. In intermediate conditions the modes
form a convenient basis for general calculations, and they
are free of the potential limitations inherent in modes re-
stricted to exterior regions of finite extent, or to only one
side of the cavity.

D = [1—r, r2 exp(2ikd cosB)],
Rk, = [r,,exp( ik—d cosB)

+r~ j(t,
&

r—,, )exp(ikd cosB) ]/D, ,

TkJ —TkJ —t iJ t2J /DJ.

R „', =—[r~ exp( —ikd cosB)

+r,, (t2 r~ )exp(—ikd cosB)]/D, .

(2.8)

(2.9)

(2.10)

(2.1 1)

III. FIELD QUANTIZATION

The electromagnetic field is quantized by the introduc-
tion of mode creation and destruction operators. The
operators for the modes with spatial functions Uk (r) and
Ukj(r) are denoted akj, akj and ak, ak, respectively,
where j=1,2 indicates the choice of mode polarization,
(2.2) or (2.3). With k taken to be a continuous variable,
the operators satisfy the commutation relations,

The last three quantities represent the reAection and
transmission coeKcients of the cavity as a whole. It is
not difficult to show, with the use of (2.4) and (2.5), that
they satisfy

(2.12)

(2.13)

)akJ, a k

(3.1)

The electromagnetic field quantization now proceeds in
the usual way, and we need quote only the main re-
sults. ' The Heisenherg electric-field operator is con-
veniently separated into two parts:

R kJ TkJ +R kJ TkJ =0 . (2.14)
(3.2)

These properties ensure the normalization and ortho-
gonality of the two modes that have the same wave vec-
tors and polarizations and the general relations are

fdr e(k, j).e(k', j') U„(r)Uk* (r) =0,

f dr e(k, j) e(k', j') U„(r)Uk (r) =(2') 6,, 6(k —k'),

(2.15)

(2.16)

together with the identical normalization integral for the
primed mode function (2.7). The modes (2.6) and (2.7)
form a complete set of functions for all of space, includ-
ing the interior of the cavity and the exterior regions on
either side. They allow calculations to be made of the
SpE rates and radiated-field operators for atoms that are
excited in cavities whose mirrors both transmit nonzero
fractions of the emitted intensity. In addition, as will be
shown in Sec. IV, they reproduce known results for SpE
in cavities where one or both of the mirrors is or are per-
fect reflectors. Thus in the limiting case of a perfectly
rejecting closed cavity, the traveling-wave mode func-
tions used here reproduce results ordinarily obtained with
standing-wave modes, while in the opposite extreme of an
absent cavity, the mode functions (2.6) and (2.7) taken to-

where

E+(r, t) =i f dk P (Pike/16ir co)' e(k, j)
J

+ [ Ukj(r)akj+ Ukj(r)a kj ]

X exp( —ickt)

and E (r, t) is given by the Hermitian-conjugate (H.c.)

expression. In writing out the field operators explicitly,
the polarization vectors, given by (2.2) and (2.3), are those
associated with the wave vectors k or k+ appropriate to
the corresponding terms in the mode functions, given by
(2.6) and (2.7). Because of the way in which wave-vector
space is divided into two half spaces by the cavity the
three-dimensional integral in (3.3) is

fdk= f dk f dBf d4 k sinO . (3.4)

The normal-ordered part of the free-field Hamiltonian is

Hp: dk Ack akJakJ +akJakJ, j = 1,2
J

(3.5)

and the Hamiltonian for interaction of the field with an
atomic electric-dipole transition of matrix element p lo-
cated at position rp inside the cavity is

Hj=i f dk g(Ack/16m eo)' [exp( —ickt)/Dj]
J

[ak, [e(k+,j)t, exp(ik+ ro)+e(k, j)t,, rz, exp(ik ro+ikd cosB)]

+ak [e(k,j)t2 exp(ik ro)+e(k+, j)t2 r, exp(ik+. ro+ikd cosB)]] p+H. c. (3.6)

where (2.6) and (2.7) have been used.
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IV. SPONTANEOUS-EMISSION RATE

The spontaneous-emission rate is calculated for the decay of an atom in the vacuum field of the cavity from an excit-
ed state of energy A'cko to the atomic ground state. The experiments described below are carried out in regimes where
the Markov approximation holds and the spontaneous-emission rate can accordingly be obtained by straightforward ap-
plication of Fermi s golden rule (see further comments at the end of Sec. VI). We use the commutation properties (3.1)
with the interaction Hamiltonian (3.6) and the result

(k+ —k ).ro=2kzocosB, (4.1)

where zo is the z coordinate of the atomic position. The SpE rate for a molecular assembly belonging to a layer parallel
to the mirrors, with coordinate z =zo, of thickness dz, is then

I (zo)= fdkg (k/8ir eoA)(~ [e(k+j)t, +e(k,j )ti r2 exp[i. k(d —2zo)cosB]].p~
J

+
~
[e(k,j)t2 +e(k+, j)t2ir„exp[ik (d +2zo)cosB]].p~ )6(k —ko)/~D

~

(4.2)

It is convenient to calculate separately the contributions to the SpE rate from the components of the transition dipole
moment p parallel and perpendicular to the cavity mirrors. For the parallel contribution, we assume with no loss of
generality that p is parallel to the x axis, so that (2.2) and (2.3) give

E(k+1), p, =e(k, 1) @=@sin@ E(k+, 2) p=e(k, 2) p=pcosBcos@ . (4.3)

The k and @ integrations, as defined in (3.4), can now be performed, and with the 6 integral simplified by a change of
variable to C—:cosO, the emission rate is

I ~~(zo)=(31 0/8) f dC[[(1—Ir„ I')Il+r„exp(2iw )I'+(1—lr2il')Il+r„exp(2iw~ )I']ID, I

0

+[(1—lr, 2I')ll+r„exp(2iw )~ +(1—Ir»i )I 1+r, 2e xp( 2i w+)I']I C/D~l'] (4 4)

where

I 0
—=k op'/(3~eoA')—:( To ) (4.5)

is the usual free-space SpE rate, ' k is replaced by ko in the expression (2.8) for D, , (2.4) has been used to express the

emission rate entirely in terms of the e-dependent mirror reAectivities, and

w+ =—ko( —,'d+zo)C, w =ko( —,'d —zo)C, w —= kodC, C —=cosB . (4.6)

The SpE rate for a dipole moment perpendicular to the mirrors, or parallel to the z axis, is calculated in a similar
fashion. The polarizations (2.2) and (2.3) now give

e(k+, 1) p=e(k, 1) p=O, e(k+, 2) p= —e(k, 2) p= —psinB,

and the emission rate (4.2) becomes

(4.7)

I i(zo)=(3I 0/4) f dC(1 —C )~1 —ri2r2qexp(2iw)~ '[(1—~r»~')Il —r»exp(2t'w )I'+(1—lr~2I')Il —ri2exp(2tw+)I']
0

(4.8)

after partial integration as before. The above expressions
simplify in various special cases. We consider brieAy

some of these before applying them to the interpretation
of our experimental results.

Free space. Complete removal of the cavity mirrors is
accomplished by taking

ri = —1, (4.10)

I &&(zo)=I 0(1—( —', )$ [sin(2wo)/2wo](l —
—,'wo )

The integrations in (4.4) and (4.8) can again be performed
and the results are

(4.9)
+cos(2w0 ) /(2w0)'] }, (4.1 1)

The integrations in (4.4) and (4.8) then become trivial,
with the expected results I ~~(zo)=I i(zo)=I 0—= ( To)
and To is the free-space SpE lifetime.

Half space. We consider the half space formed by re-
moving mirror 2 and making mirror 1 perfectly
reAecting, so that

(4.12)

and

wp =ko( 2
d +zo ) (4. 13)

I i(zo) = I 0[1+3[sin(2wo)/2wo —cos(2wo)]/(2wo) ]
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is the distance of the atom from the remaining mirror.
These rate expressions agree with Morawitz" and with
Eqs. (11) and (13) of Philpott. '

Symmetrical cavity. In this case we put r~~( )=(3I /4) I dc[F, (c)+c F (c)]
0

(4.15)

but the integrands can be put in forms more convenient
for computation, as

r =r =r = —r1j 2j j j &
=t =ilt

I
.

(4.14)

and

1 (z )=(31 /2) j dC(1 —C )6 (C)
0

(4.16)

It is not possible to perform the integrals in (4.4) and (4.8)
I

where

F, (C)—= [(1 Irz I) +2lrz l(sin w +sin w+ )]/[1 —
Ir& I +4(lr& I

—1) 'sin w],
Gz(C)=[(1—Irzl) +2lr 2I(c os w +cos w+ )]/[1 —Ir2I +4(lrzl —1) 'sin w],

and Fz(C) is obtained by substituting r, by r2 in the expression of F, (C). These expressions can be combined to give the
SpE rate for a transition whose dipole moment has an isotropic spatial distribution as

r(z, ) =[2r„(z,)+r,(z )]/3
=

—,
' I 0j dC(F, ( C)+ [1—

I r, I'+4(
I r, I

' —1) 'sin'w ]

X I(1+ lr2 I) —2lr I2[si nw +sin w+ +2C cosw cos(2koCzo)] j ) (4.17)

High Qcavity-Take .a symmetrical cavity, as specified
by (4.14) but in addition consider the limit

(4.18)

The Airy-function denominators in the integrands of the
SpE rates can then be expressed as sums of 6 functions
according to

1/ID) I'= [(1—lr, I')'+41r, I'»n'w] '

[[2lrjI(w —nor)] +(1—Ir
I

) ]
n=0

= [ml[2kodlr, l(1 —Ir, I')]]

—,'5(C)+ g 6(C —(nm. /kod)}
n =1

(4.19)

zo) =0,
I i(zo) =3irl 0/(2kod),

I (zo) =~I 0/(2kod),

for 0& (kod) & vr, and

r„(,)=(3 r, /2k, d)[1+( /k, d)'] o"(,/d),

(4.20)

(4.21)

The integrals can now be performed, and the number of
6-function contributions is equal to the integer next
greater than kod/~. The SpE rates obtained in this way
agree with expressions derived previously. ' ' We do
not repeat these expressions here, but only give the SpE
rates for cavities so narrow that only one or two Airy-
function peaks contribute. Thus (4.15)—(4.17) give

1 (zo) =(3rrI 0/2kod )

X [1+(2ir /3kod )cos(2mzo/d)] (4.23)

for 0((kod) &2ir Note th. at when kod exceeds rr by an
infinitesimal amount, (4.21) and (4.22) give

r~~(zo)=3r cos (~z /d), r (z )=3r /2, (4.24)

r „(0) = ro( I
t

& I

'
I

1 + r2 I

' +
I t2 I

'
I
I + r i I

'
) /( 2 I

1 —r, r, I

'
)

(4.25)

in agreement with previous results. ' ' The functions
1 ~~(zo) and I ~(zo) shown in Fig. 2 have been computer
evaluated on the basis of the general formulas (4.15) and
(4.16) by assuming that the reflectivities are independent
of e and that fields undergo a 0-independent phase
change P=m upon reflection. However, we should em-
phasize once again that the e dependence of field
reflectivities, transmittivities, and phases which is real-
ized in actual cases with any kind of mirror coating leads
to quite diff'erent results for I ~~(zo) and 1 i(zo) as shown
by Fig. 3. It is noteworthy that the method of calcula-
tion used here, in which the field modes are defined by
(2.6) and (2.7) as plane waves of unit amplitude incident
from outside the cavity, gives the same results as calcula-
tions for a perfectly reflecting cavity in which the field
modes are taken to be standing waves inside the cavity.

Very narrow cavity, d =0. The exponents in (4.4) and
(4.8) can be set equal to zero for kod &(1, and if we disre-
gard the dependence on 6 of the reflection and transmis-
sion parameters of the mirrors, the integrals can then be
evaluated to give.

I i(zo ) = ( 3~1 0/2kod )

X I 1 +2[ 1 —(~/kod) ]sin (~zo /d) ] (4.22)

r, (0)=r,(lt, I' ll —r, I'+ lt, l'll —r, I')/(211 —r, r, l') .

(4.26)
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These expressions simplify for the symmetrical cavity
specified by (4.14) where

(4.27)

tions of e as shown for metal mirrors by Fig. 17. Apart
from the results of Fig. 2 the functional dependence on e
of r, , t, , i=1,2, for metal-layered and multilayered mir-
rors will be accounted for rigorously in all computer cal-
culations leading to the results reported in the present
work. 8

consistent with (4.20) in the limit of a high-Q cavity.
Apart from the special cases of absent or perfectly

re Aecting mirrors, the transmission and reAection
coefficients generally depend upon the magnitude and
direction of the wave vector k, as already said. Thus in
the expressions for SpE rates, the mirror reflection and
transmission coe%cient should strictly be shown as func-

V. FIELD RADIATED BY AN EXCITED ATOM

Consider an experiment in which the SpE radiation
from an atom at position ro inside the cavity is observed
at position r outside the cavity. The electric-field opera-
tor at position r at time t is obtained from (2.6), (2.7), and
(3.3) as

E+(r, t)=i Jdkg(6'ck/16' eo)' lak, (t)e(k+, j)Tk~exp(ik+ r)

+aI, (t)Ie(k, j)exp(ik .r)+e(k+,j )Rk exp(ik+ r)]l

2
I

2
I

1O
O

(D

O

0—0.5
position (z,/d)

0.5 0—0.5
position (z,/d}

0.5

single atom at
the position z,
CI =A/4 =7T/2 4,

3

high —Q cavity
R =0.999

0. 10
single atom at
the position z

d ='4/4 =7T/2 I&

metal Ag: R=0.90
h=352 A

(D

D 0.050

—1—0.5
position (z,/d)

0.5 0.00
position (z /d)

0.5

FIG. 2. Decay rates I"II(zo) and I ~(zo) of a single dipole p
placed at position zo in a symmetrical microcavity, with orienta-
tion respectively parallel and orthogonal to the mirrors and in
conditions of SpE "enhancement" (upper curve) and "inhibi-
tion" (lower curve) for a cavity confined by ideal mirrors with
reflectivities =1 and independent of the incidence angl;. O. All
quantities graphed in Figs. 2 —4 are dimensionless.

FIG. 3. Decay rates I II(zo) and I &(zo) of a single dipole p as
for Fig. 2 but for a microcavity confined by two equal
metal-Ag coated mirrors with normal-incidence reflectivity:
R (8=0')—=R =0.90 at the SpE wavelength A, =6111 A. In all
figures the mirror reflectivity at 0=0' is indicated by R and the
calculated thickness of the coating h is expressed in angstroms
(A).
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where r is assumed to have a positive z component and the time dependence of the field is carried by the Heisenberg de-
struction operators. Their time dependence is determined by Heisenberg s equation of motion with an interaction
Hamiltonian given by (3.6). The solutions are found by the method given, for example, in Chap. 5.11 of Ref. 10 with

appropriate generalization to allow for the more complicated spatial modes of the cavity. Thus the results for the
driven parts of the field destruction operators are

ak,.(t) = —(ck/16~3Eofi)'~ f dt'exp[ick (t' —t )][a(k+,j)t i exp( —ik+ ro)
0

and

+e(k, j)t*, rz exp( i—k ro ik—d cose)] II(t')/D, *

az (t)= —(ck/1 6~ @oh)'~2f dt'exp[ick(t' —t)][@(k,j)tz exp( —ik ro)
0

+E(k+,j)t2 r& exp( —ik+ ro —ikd cose)] 11(t')/D*,

(5.2)

(5.3)

where

(5.4)

is the projection operator that couples the atomic initial and final states involved in SpE. The electric vector of the em-
itted field is now obtained by substitution of (5.2) and (5.3) into (5.1). The resulting expression is quite complicated, but
for the experiment reported in this paper it is sufficient to consider the observation points that have the same x and y
coordinates as the radiating atom. Then if a and P are the polar angles of the atomic transition dipole moment p, as
shown in Fig. 1, so that

p =p( sina cosP, sina sin/3, cosa ), (5.5)

the x component of the field operator (5.1) obtained after some tedious algebra with the use of (2.1)—(2.3) and
(2.8)—(2.11) is

E„+(z,t) = i(cp—sina cosP/16~ eo)

X f "dk f dCf dt'II(t')k exp[ick(t' —t)]
0 0 0

X ( tz& I exp[ikC (z —zo ) ]+ri &
exp[ikC (z +zo+d) ] I /D

&

+C tz2Iexp[ikC(z —z )o] +r, ze px[ikC(z +z 0+d)][ /D 2+c.c. ) (C= cosB—), (5.6)

where the azimuthal part of the wave-vector integral (3.4) has been performed. The two contributions to the field at po-
sition z correspond to direct propagation from the atom at position zO by transmission through the second mirror and
indirect propagation in which the SpE light is rejected by the first mirror before transmission through the second mir-
ror to give a total path length (z+zo+d). The effects of multiple refiections of the SpE light inside the cavity before it
emerges to reach the observer at position z are included in the denominators D given by (2.8)., which can be expanded
as

D = g r& r2 exp(i2kCnd) .
n=0

(5.7)

Insertion of this expression into (5.6) produces a difficult angular integration since the r, and t, are "functions o"f B.
However, for observations that take place many wavelengths distant from the cavity, that is, for

kz»1, (5.8)

it is sufficient to make a dipole approximation and to retain only contributions of lowest order in 1 /kz. Then if the part
of the integrand in small boldface parentheses in (5.6) is expanded in powers of sin e, except for the exponential factors,
it is straightforward to show that only the terms of zeroth order in sin 8 contribute to the far field in the lowest order
of 1/kz. Thus the refiection and transmission coefficients in (5.6) can be set equal to their constant polarization-
independent 6=0 values r, 0 and t, 0, and the angular integration then gives the result

E„+(z,t) = —(cp sina cosP/8m. eo)

X f dk f dt'II(t')k exp[ick(t' —t)]
0 0

X g t20r",orzo Iexp[ik(z —zo+2nd)]/(z —zo+2nd)
n=0

+r&oe p[ikx(z +zo+d +2nd)]/(z +zo+d +2nd) —c.c. ] . (5.9)
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The predominance of small values of 6 is of course physi-
cally reasonable for the situation considered here in
which the line connecting the radiating atom to the dis-
tant observation point is perpendicular to the cavity mir-
rors. In order to perform the time integral, it is necessary
to substitute a time dependence for II(t) T.he decay rate
for an atom with dipole-moment orientation (5.5) is

I (zo, a) = I ~~(zo)sin a+ I i(zo)cos a (5.10)

and integration of this expression over 0. reproduces the
result given in (4.17). The time dependence of the atomic
operator is therefore'

II(t')=II(0)exp[ icko—t' —,'I (zo,—a)t'] (5.11)

to a suKciently good approximation. The time integral in

(5.9) then gives

—i II(0) [exp[ —ickot —
—,
' I (zo, a)t] —exp( —ickt)]

[c (k —ko)+i —,'I (zo, cz) I

(5.12)

This expression has only a single simple pole in the lower
half of the complex k plane. The final integral over k in
(5.9) is performed by contour integration after extending
its range to —~ in the usual way. ' A careful considera-
tion of the residues in the contour integration shows that
the only nonzero contributions come from terms in the
integrand of (5.9) where positive spatial imaginary ex-
ponentials multiply the second temporal exponential in
(5.12) and the result is

E„+(z,t) = —(kop, sinacos13/4rtFo)

g thor ior20 [11[t—(z —zo+2nd)/c]/(z —zo+2nd)
n=0

+rioII[t —(z +zo+d +2nd)/c]l(z +zo+d +2nd )] (5.13)

where the decay rate has been assumed: I (zo, a) ((cko.
The ordinary free-space source-field operator is recovered
upon making the substitutions (4.9) when (5.13) reduces
to10

w +E, (zt t) = —(kop sina cos13/4~go)

& 11[t—(z —z, )/c]/(z —z, ) . (5.14)

The expression (5.13) clearly shows the contributions to
the radiated field from the diFerent numbers of
rejections in the cavity mirrors, and the calculation
demonstrates the straightforward application of the com-
plete set of modes (2.6) and (2.7) for the cavity interior
and exterior.

( II+(t).II(t) ) = (II+(0) II(0) )exp[ —I (zo, a)t],
(6.2)

where the decay rate is defined in (5.10). Suppose that a
large number of randomly oriented atoms are simultane-
ously excited at coordinate zo, at time t=O. The Poynt-
ing vector (6.1) then has a time dependence determined
by the orientation-averaged function,

(1/2)m 2F(t)= I dasin aexp[ —[r~~(zo)sin a

+I i(zo)cos a]t J . (6.3)

If the time is replaced by a new variable q defined as

(6.4)

VI. EMISSION INTENSITY

The photocurrent produced by the radiated field in a
detector placed at the observation point is proportional
to the optical intensity or Poynting vector at coordinate
z. Consider a situation in which the microcavity spacing
is of the order of A, and the radiative decay time of the
atom is very much longer than its period of oscillation.
The diFerences between the retardation times in the vari-
ous contributions to the radiated field (5.13) can then be
ignored, and the form of the modulus of the Poynting
vector appropriate to the rate of photodetection is then
proportional to

(E (z, t).E+(z, t))

F(t)= [exp[ —I l(zo)t]/2q I

X [m'~ (1—
—,'q )erf(q)+exp( —

q )/q] . (6.5)

This result is valid for I i(zo) ) r~~(zo), i.e., when q is real.
If I i(zo) ( I ~~(zo) so that q is a pure imaginary, the result
still holds except for the replacement:

erf(q)~i Im erf(q) . (6.6)

The function F(t) reverts to its expected exponential
form when the spontaneous emission is isotropic, i.e., for
r„(z, ) =r, (z, ) = r(z, ),

the integration in (6.3) can be performed in terms of the
error function, erf(q), ' and the result is,

=K sin a( II+(t z/c) II(t —z/c) ), —(6.1) F(t)=—,'exp[ —I (zo)t] . (6.7)

where K is a constant obtainable from (5.13). The atom-
ic expectation value has a time dependence given by

However, the decay of the atomic emission intensity oth-
erwise shows nonexponential behavior. The general
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short-time expansion of (6.5) is

F(&)=, I 1 —,'[r,(z, )+4r~~(zo) Jr +0(~ ) J (6.8)

VII. COMPUTER SIMULATION

where the last term is of order t . It should be em-
phasized that the nonexponential form derived above is
purely a consequence of the anisotropy of the atomic de-
cay rate (5.10) with respect to the dipole orientation rela-
tive to the cavity axis. Markovian conditions are as-
sumed for the Fermi golden rule calculation that leads to
(6.5). In contrast to the above calculation there are of
course well-known examples of nonexponential decay
that occur as a result of non-Markovian effects. ' Such
effects predominate when the coherence time of the reser-
voir of field modes accessible to spontaneous emission be-
comes comparable to or longer than the characteristic
time of the atom-field interaction. This regime is impor-
tant to micromaser experiments (see Ref. 20 and earlier
references therein).

the cavity spacing d. Note the strong-inhibition plateau
I ll/1 o((1, for d (d, i.e. , the region sometimes referred
to as the "optical Casimir effect, " and the progressive
trend, for increasing d )d, toward the usual behavior of
"macroscopic" cavities: I

~~~

/I o
= I ~/I o

= 1. Note, by
comparison of the two plots for silver and aluminum in
Fig. 4 which correspond to the same mirror R values, the
effect of the different metal absorption on the behavior of
I

ll
and I ~. On the basis of the single-atom results, the

overall many-atom SpE radiation detected outside the
cavity on a single spatial mode with k vector parallel to
the cavity axis could be determined. Figures 5 and 6
show, for Ag mirrors with R=0.90, two SpE pulses for
"enhancement" and "inhibition" conditions, due to the
contribution of all atoms completely filling the cavity,
i.e., placed at different z positions and for isotropic orien-
tation of p. These curves, as well as the ones of Fig. 8,
are obtained by integration of (6.5) over zo for the two
significant values of d: d =d, d =

—,
' d. In the simulation

the integral has been carried out by assuming a decompo-

A computer simulation of the above theory has been
undertaken considering the relevant cases of a microcavi-
ty terminated by mirrors bearing metal coatings and
dielectric-multilayered coatings. In the following discus-
sion d represents the FP cavity spacing, i.e., the physical
z dimension available for the active medium.

A. Metal mirrors

The numerical values of the real and imaginary parts
of the dielectric constant of silver, the metal used in the
experiment, e=e'+iE"=(n —k ) —i2nk, at the wave
length A, =6111 A are found as follows. For silver (Ag,
evaporated) n=0 062 k=. 3.85, the maximum refiection is
at 8=0 and R „=0.985. The computer simulation
has been carried out also for aluminum and a few results
will be presented for this metal for comparison: n=1.10,
k=6.402, R,„=0.91 (Al, evaporated). Figure 3 shows
the decay rates I ~~(zo) = ( T~~ ) ', I ~(zo ) =( T~ )

' for a sin-

gle atom placed at positions zo in a symmetrical cavity
with d =d = —,'A, and d =

—,'d, i.e., in the condition of "SpE
enhancement" and "SpE inhibition, " respectively. '

These conditions are clearly represented by the corre-
sponding behavior of I ~~(z) and I ~(z) as these quantities
are proportional to the appropriate components of the
vacuum-field energy density in the cavity. The
cos (~zo/d) dependence of the vacuum-field density is of
course determined by the intracavity field-interference
properties which, in turn, are determined by the FP
boundary conditions. The simulation shows that the
condition of constructive interference, i.e. , "SpE
enhancement, " is determined by a value of d which is res-
onantly peaked about d with a linewidth strongly deter-
mined by the cavity "finesse": f =rrR '~ /(1 —R),
R =R,Rz, with R, —:~r, o~ and R~ —= ~rzo~ being the
mirror reflectivities at 0=0. ' ' The "inhibition" corre-
sponds instead to a far broader out-of-resonance behav-
ior. All this is shown by Fig. 4, reporting, for a single
atom placed at the center of a cavity bound by Ag and Al
mirrors, the functional dependence of I ~~~(0) and I ~(0) on

00 1 2 3
mirror spacing (2d/X )

single atom at the
t t

Oo 1 2 3
mirror spacing (2d/X )

FIG. 4. Decay rates of a single dipole placed at the center,
z0=0, of a symmetrical microcavity terminated by two real,
equal mirrors as functions of the cavity spacing and for Ag and
Al coatings with equal R (0 ) =0.90, A, =6111A.
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1.0

0.9

0.8

meta I Ag: R =0.90
d =)L/2

sition of the cavity volume in 500 plane layers for each
fraction Ad =

—,'A, of the cavity spacing and then by sum-

ming the respective contributions at the detector, neglect-
ing retardation. Note the nonexponential behavior in
Figs. 5 and 6 due to the process previously discussed in
Sec. 6. Owing to this eAect we may define an overall "re-
laxation time" T as the time at which the nonexponential
detected pulse reaches a value equal to e ' of the max-
imum. The d dependence of T relative to the free-space
value To ——(I o)

' is reported by the two curves given in

Fig. 7, with two different scales, for an isotropic active
medium completely filling a symmetrical microcavity ter-
minated by Ag mirrors bearing respectively the max-
imum attainable value of R, R „=0.985, and the value
R =0.90 adopted in the experiment. The curves of Fig. 7
express the result of a very lengthy numerical computa-
tion of a large number of values of T/TO, each one ob-

C
(D

0. ]C

5J,

0.01
O 2 3

time ( &, t)

30
to 140 f

FIG. 6. SpE pulse (arbitrary units) corresponding to the one
of Fig. 5 for the "enhancement" condition and drawn in semi-
logarithmic scale. The experimental result, the same as Fig. 5,
upper curve, demonstrates the nonexponential decay.
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FIG. 5. SpE pulse (arbitrary units) detected outside a symme-
trical microcavity terminated by Ag coatings, R (0)=0.90 and
filled with randomly oriented active-dipoles in conditions of
SpE enhancement and inhibition. In the upper graph the exper-
imental decay curve for SpE enhancement is also shown. In in-
hibition condition the "real" and the exponential decay curves
nearly overlap. As for Figs. 6 and 8, the curves are plotted as
functions of the dimensionless "time", (I ot).

mirror spacing (2d/8)
FIG. 7. SpE-signal decay time computed as a function of the

(dimensionless) spacing of a symmetrical microcavity filled with

randomly oriented active dipoles for confinement due to Ag
mirrors with R (0')=R .„=0.985 and R ( )=0.90 at X=6111
A. The two graphs are presented with two different scales and

report the two maximum values of (I OT) attainable, respective-

ly, with R=0.985 and 0.90. The two dots on the lower graph
represent the results of Fig. 11.
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FIG. 8. SpE pulse detected outside a symmetrical microcavi-
ty terminated by the dielectric-multilayered coated mirrors used
in the experiment (see text).

tained for different d by integration over zo. The results
for R „in Fig. 7 may be taken to establish the theoreti-
cal limit performance of the microcavity terminated by
metal mirrors with respect to realization of the "anoma-
lous" behavior in SpE. An important conclusion may be
drawn by a close examination of the results of all compu-
tations and of Figs. 2 —8, just discussed. It appears there,
and very clearly in Figs. 2, 3, 4, and 7, that the condition
of "SpE enhancement" is generally weakly affected by
substantial changes of the physical parameters of the mi-
crocavity, as for instance by the values of the mirror
reAectivities, or by the presence of interatom superradi-
ant couplings, or even by making the simplifying assump-
tion of 6 independent of r i . On the other hand, the in-
hibition condition appears to be strongly affected by all
optical parameter perturbations and seems then critically
dependent on all physical conditions affecting the active
microcavity. This somewhat "unstable" behavior,
characteristic of SpE inhibition, appears to be rooted in
the spontaneous-emission process itself as it shows up in
all computational results. In addition to that and most
important, it also shows up in all experimental observa-

tions and measurements, as demonstrated by the experi-
mental data reported in Fig. 7.

B. Semiconductor-multilayered mirrors

The spontaneous-emission theory given in the previous
sections is assumed approximately valid for a microscop-
ic cavity bound by mirrors bearing thick, dielectric-
multilayered coatings. The idea behind this assumption
is that, in spite of the thickness of the coatings, the excit-
ed atoms in the process of SpE actually are influenced by
the multilayered-dielectric stacks providing vacuum
confinement only through their overall, "external" opti-
cal parameters. In this connection, the first task to fulfill
within a computer simulation consists of the calculation
of these external parameters by adopting a reliable com-
putational algorithm to solve simultaneously the large
number of boundary-condition equations involved in the
problem. Before doing that in order to start the SpE-
microcavity simulation, we felt it nevertheless necessary
to test first experimentally the validity of the algorithm
used by checking the correspondence between the results
of a computer calculation, based on that algorithm, of the
external optical parameters of any real multilayered mir-
ror and the corresponding values of these parameters
measured with the same mirror. The results of this side
experiment, described in the Appendix, have been found
to test satisfactorily the algorithm by Lissberger and Wil-
cock. Therefore this algorithm has been chosen as the
computational basis of the main microcavity simulation.
The structure of the coatings, equal for the two cavity
mirrors, deposited over circular, plane fused silica sub-
strates with planarity A,/20 over the diameter (=25.4
mm), consisted of 23 alternate, unequal thickness h' lay-
ers made by two dielectric materials with different refrac-
tive indices n at the SpE wavelength A, =6111 A. The se-
quence of h' values given in units of 10 pm was as fol-
lows: (Substrate [L 4 83[H 8.17[L 9 67[H 8.17[L
8.17 L 10[H 8.17[L 9 67[H 8 17[L 9 67[H 8.17[L 9
8.35 L 9.'86[H 8.35[L 9.86[H 8.35[L 9.86[H 8.35[L
9.86 H 8.35[L 9.86[H 8.35[L 4.93[ air ). There the L la-
bel represents the material ThF4, n =1.514, while H
represents Sbz03, n =2.01. The spectrophotometric trace
of the mirrors showed a wide refIectivity peak with
R (6=0') =0.98, centered at A, =6000 A and with band-
width approximately equal to 800 A. The transmittivity
at the excitation wavelength, A. =3547 A, was
T(0 ) =0.85. SpE results similar to the ones obtained for
the metal coatings, Figs. 3 —7, were obtained for the mul-
tilayered mirrors. We only show in Fig. 8 the SpE nonex-
ponential decaying pulses for enhancement and inhibition
conditions. They are obtained, as are the results reported
in Fig. 5, by integrating (6.5) over zo for d =d and d =

—,'d.
We notice, by comparison of Figs. 5 and 8, that the effect
of vacuum confinement may be comparable and even
larger for metal mirrors in spite of the cavity damping
due to optical absorption. In fact, the favorable condi-
tion due to the virtual absence of absorption of the dielec-
tric coatings is generally counterbalanced by their higher
reAectivity losses at large 0, as discussed at length in the
Appendix. However, this negative effect may in turn be
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compensated for by adopting a wide enough reAectivity
band of these coatings.

VIII. EXPERIMENTAL RESULTS

The piezoelectrically lpiezoelectric transducer (PZT)]
tuned Fabry-Perot microcavity adopted in our experi-
ment was composed of two plane metal-coated or
multilayered-coated mirrors, labeled by A and 8 in Fig.
9, with diameter 25.4 mm and planarity ~ it/20. Several
mirror combinations were adopted. For instance, with 3
highly rejecting the SpE radiation (with wavelength A, )

and highly transmitting the "pump" radiation (with
wavelength A~), and 8 highly reflecting both wavelengths,
the excitation method of "periodic pumping" could be
adopted. ' The value of the overall cavity "finesse, "
typically f =20—30, was determined as usual by measur-
ing the relative widths of the resonant peaks of the
transmission function obtained by piezoelectrically tun-
ing the microcavity spacing. In this case the resonator
was excited at normal incidence, 6=0', by a parallel
Gaussian He-Ne laser beam with a full-width diameter

8, 26=10 mm. ' The cavity spacing d was tuned by means
of the large toroidal piezoelectric transducer shown in
Fig. 9. In all experiments involving fluorescence detec-
tion at A. =6328 A, the absolute value of d was obtained
by simple determination of the FP interference patterns
on a screen under excitation by a He-Ne laser. For SpE
detection of wavelengths other than A. =6328 A, the abso-
lute value of d was determined by setting at the appropri-
ate value, calculated by interpolations based on values
suitable for A, =6328 pm, the voltage applied to the
cavity-tuning piezoelectric transducer. Several types of
active media were used in our SpE experiments. %'e have
reconfirmed the early experimental results reported by
De Martini and Innocenti in Fig. 2 or Ref. 4, with rho-
damine dyes having free-space SpE lifetimes, To=5 —15

nsec. Precisely, we have successfully tried rubrene (sol-
vent: ethyl alcohol), sulforhodamine 640 (ethyl alcohol),
DCM (ethyl alcohol, ethylene glycol, gylcerol). In all
cases the dye concentration was 10 —10 M. Two
different excitation or detection methods were adopted.
By a first technique, already described in Refs. 4 and 5,
the dye was excited by 2 nsec, A, =5320 A, second-
harmonic generation (SHG) laser pulses using as primary
source an unstable-cavity self-injected neodymium-doped
yttrium-aluminum-garnet (Nd:YAG) laser. The shape
of the SpE single pulses was detected along the cavity
axis by a high quantum-efnciency Quantacon photomulti-
plier RCA C31034A-02 and then registered by a 1.3-Ghz
bandwidth Le-Croy 8013A waveform digitizer. By a
second technique, the dye was excited by picosecond,
A, =5320 A pulses generated by a Coherent-Antares
mode-locked laser and the average SpE pulse shape was
determined by a single-photon-counting technique via a
time-to-height-converter device. Both methods gave
comparable, satisfactory results. However, in the present
work we wanted to study spontaneous-emission effects
from an active medium that could present a spectroscop-
ic structure simpler and more transparent than for the
broadband molecular dyes used before. This should al-
low the investigation of a definite atomic level having a
narrow enough inhomogeneous-broadening line width,
bv=(rz ) ', and a large free-space SpE time To.
We have investigated in detail SpE from europium atoms
in dibenzoylmethane (DBM)4 complex that shows sharp
emission lines about A, =6000 A. For this complex we
have determined experimentally the fluorescence curve at
room temperature under uv excitation, k =3547 A. Fig-
ure 10 shows that at least three emission lines of the Eu-
atom D- F multiplet can be clearly identified at room
temperature. We have investigated experimentally the
strongest line, Do- F2 at X=6111A, for which the free-
space SpE time has been found: To =560 psec for

/~= 635pm g =0.61p,m

\
1
I

p

RCA C31034A

pzt transducer

A

K2

dye flaw

pzt

FICx. 9. Piezoelectrically (PZT) tuned Fabry-Perot microcavity (section). The adjustment of the direction angle O~ of the incom-

ing pump K~ vector allows the realization of the "periodic-pumping" technique; cf. Ref. 25.
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of all other deexcitation channels, on the microscopic and
submicroscopic scale. By the same argument, any una-
voidable small experimental error or imperfection, for in-
stance of FP alignment, can play an unusually large role.
In addition, the radiation leakage in the microcavity radi-
al directions may be highly effective in reducing the
confinement. A few other important and fundamental
effects may also impair the effect of SpE inhibition. We
list them briefly.

(a) The transition at A, =6111A investigated in the SpE
experiment is but one of the transitions of the D- F mul-
tiplet that may provide alternative routes of deexcitation,
larger wavelengths, of the Do level of Eu-(DBM)&, as
shown in Fig. 10.

(b) The theory presented in this work assumes a

700-

300 I 6 I I —p
10 10 10

EXCITATION PULSE ENERGY( J )

FIG. 12. SpE time as a function of the energy (joules) of the
exciting pulse in the "inhibition" condition, obtained in the ex-
periment leading to the results of Fig. 11. FWHM transverse
section of the Gaussian pump beam: 8 mm.

FIG. 11. Spontaneous-emission decay curves obtained with a
symmetrical microcavity terminated by Ag-coated mirrors with
R=0.90, in condition of "enhancement" (d =d = 2k, faster de-

cay) and "inhibition" (d = —,'d, slower decay). Active medium:

Eu-(DBM)4. The corresponding decay curve for SpE in "free
space" (i.e., in the absence of cavity mirrors), with SpE time

Tp =560 @sec, is reported in Fig. 13, curve (b). The curves here
and in Fig. 13 are drawn by a computer average of 2 X 10' pulses
registered at the photomultiplier output.

FIG. 13. Spontaneous-emission decay curves obtained with a
symmetrical microcavity terminated by semiconductor-
multilayered mirrors (cf. text). Curves (a) and (c) correspond to
"SpE enhancement" (d = —'d) and "SpE inhibition" (d = —'d ),
respectively. Curve (b) represents SpE in "free space, " with
Tp 560 @sec. Active medium: Eu-(DBM)4. The curves are
drawn by a computer average of 2 X 10' pulses, as for Fig. 11.

linewidth of the emitting atom that is at most determined
by the fluorescence time itself. On the other hand, the
size of the experimental width of the A, =6111 A Auores-
cence line of the Eu complex investigated in the experi-
ment is only ten times narrower than the cavity linewidth
determined by the microcavity finesse.

(c) The theory presented in this work does not account
for the processes of radiationless energy transfer between
organic molecules and the mirror surfaces (See Drex-
hage and Kuhn and Mobius and Kuhn ). Since these
processes are found to be important over distances from
surfaces of the order of 500 A, they should be effective in
microcavities in the inhibition condition, i.e., for d (—,X.

IX. CONCLUSIONS

The main theoretical results of the paper are the ex-
pressions (4.4) and (4.8) for the SpE decay rates of atoms
whose active dipole moments are oriented, respectively,
parallel and perpendicular to the microcavity mirrors.
These general results include a range of special cases, and
there is agreement with previous work in appropriate
limits. The theory is based on the complete set of modes
described by (2.6) and (2.7). We believe that these modes
provide a more convenient and reliable basis for all
manner of radiative field calculations than do the discrete
sets of modes that are sometimes constructed by
artifically limiting infinite space by means of an envelop-
ing fictitious "supercavity" of large but finite dimensions.
Our method also straightforwardly produces the source-
field operator given by (5.13) for the detection outside of
the cavity of the radiative E field spontaneously emitted
by an atom inside the cavity. Previous work in this field
has been restricted to one-dimensional calculations that
cannot adequately represent the spatial distribution of
the spontaneous emission (Feng and Ujihara ). A
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comprehensive computer simulation of the process of
spontaneous emission is presented and leads to the calcu-
lations of all optical parameters investigated by the
theory in the perspective of a comparison with the corre-
sponding experimental results. The basic algorithm
adopted in the computer calculation of all external opti-
cal parameters of the semiconductor multilayered struc-
tures is also tested experimentally. Then an experiment is
presented aimed at the verification of the relevant
theoretical results, namely the eFects of spontaneous-
emission enhancement and inhibition and of nonexponen-
tial shape of the detected SpE signals. All these eftects
are verified experimentally by the investigation of the
spontaneous emission from the Do- F2 line of an Eu-
(DBM)4 complex adopted as the active medium and by
the use of a microscopic cavity terminated by mirrors
bearing either metal and dielectric coatings. A final dis-
cussion of the results is mainly devoted to the
identification of the physical processes that may account
for the somewhat reduced eff'ect of SpE inhibition found
in the experiment.
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FIG. 14. Spectrophotometric trace of T(k), the transmittivi-

ty of the dielectric-multilayered coated test mirror at normal in-
cidence, 6=0' (upper trace). Corresponding result of computer
calculation: (lower trace).

APPENDIX: EXPERIMENTAL TEST
OF A COMPUTER DETERMINATION

OF THE EXTERNAL OPTICAL PARAMETERS
OF A SEMICONDUCTOR LAYERED STRUCTURE

The adoption of the Lissberger-Wilcock algorithm
within our computer simulation is justified here by a de-
tailed experimental check of the calculated values of the
relevant external optical parameters of one particular
multilayered-coated test mirror. The test mirror was one
of the mirrors (mirror A) used in our original microcavity
experiment. The structure of the coating, deposited over
a circular plane BK7 glass substrate with diameter
d=25.4 mm and planarity A,/20, consisted of 28 alter-
nate, unequal thickness h' layers made by two semicon-
ductor materials with dift'erent refractive indices, n. The
sequence of the h ' values, given in units of 10 ' pm, was
as follows: (glass ~L 1.2~lH 5.3~lL 8.2~H 5.3 L 8.2~H
5.5 L 8.5 H 5.5 L 8.5 H 5.8 L 8.9 H 5.8 L 8.9iH 6.0~L
9.2 H 6.0 L 9.2 H 6.2 L 9.6 H 6.2 L 9.6 H 6.4 L 9.9lH
6.6 L 10.2~H 6.6~ Air ). The label L represents ThF4,
n=1.51 (at A, =6328 A) while H represents ZnS, n=2.45
at the same A, . Figure 14 shows the good correspondence
existing between the experimental spectrophotometric
plot of the wavelength dependence of the mirror
transmission coefficient T(k)=—~it) at normal incidence,
6=0, and the related computer results. The 8 depen-
dence of the re(lectivity, R (e)—= ~r~ at A, =6328 A has
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FICx. 15. Experimental and computer-calculated reflectivity
0

R(O) at A. =6328 A of the dielectric-coated test-mirror as a
function of the incidence angle e.

been determined for 6 (70' by direct intensity measure-
ments on a reAected single-mode He-Ne laser beam, for s
and p polarizations. Figure 15 shows again a good
correspondence with the computer calculated R (e).
Note that the degree of vacuum confinement is reduced
at large 8, mainly for p polarization, owing to the typical
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FIG. 16. Experimental and computer-calculated phase P(O)
of the reAection coefticient of the dielectric-multilayered coated

0
test mirror at A. =6328 A. The Mach-Zehnder interferometer
adopted in the phase-test experiment is shown in the inset: P is
a polarizer, BE a beam expander, T a telescope, and the half-
silvered semiconductor-multilayered mirror is shown at the rhs.

3.14

.~ 157-
C3
C3

metal Ag: h=352 A

angular dispersive effect of any layered structure. Ow-
ing to this effect, the vacuum confinement is in general
somewhat inhibited by the use of narrow-band mirrors,
i.e., having a fully periodic layered coating structure (as
for the reverse case of the interference filter). However,
we have found that an increasingly larger confinement
can be achieved up to a very high degree by the use of in-
creasingly broader reAectivity bands. The virtual absence
of damping in multilayered-electric coatings, as for in-
stance with multiple-quantum well type structures, makes
them most attractive in physical and technological appli-
cations involving microcavity SpE and StE processes,
e.g. , in thresholdless-laser applications. ' In fact, the ex-
periment reported by this work, with use of mirrors that
are not especially broadband or made ad hoc, shows that
a multilayered-dielectric confinement may lead to SpE re-
sults that are comparable to the ones corresponding to
metal coatings in spite of the R (6) confinement limita-
tions shown in Fig. 15. The information regarding the
relevant optical parameters of the test mirror is complet-
ed by measurement and calculation of the phase $(6)
of the complex refiection coefficient: r(6)
= [R (6 ) ]

' exp/(6). The inset in Fig. 16 shows the lay-
out of the Mach-Zehnder interferometer built for this
purpose. Half of the rectangular surface of a replica mir-
ror, i.e., bearing a multilayered coating identical to the
one of the test mirror, was additionally coated by an
h=2000 A layer of evaporated Ag metal. The two in-

terfering beams were obtained by rejecting two comple-
mentary portions of the Gaussian transverse section of a

X=6111 A

p pol

—3.140
I I I I

30 60
angleqy (deg)

90

FIG. 17. Calculated refiectivity R(O) and phase P(6) for an
0

Ag-coated mirror with R(0)=0.90 at X=6111 A, for s and p
polarizations.

single TEMOO He-Ne laser beam, after beam expansion to
=8 mm diameter, by the two parts of the replica mirror
bearing diFerent coatings. The phase P(6) due to the
reAection by the layered coating was determined, for s
and p polarizations, by subtracting, from the overall

P, (6) phase measured by interference-fringe position,
the phase contribution P (6) due to metal-coating
reftection, whose computer calculation is standard. The
resulting P(6) values are given in Fig. 16, for s and p po-
larizations, with the corresponding results of the calcula-
tions based on Ref. 22. For the sake of completeness, the
results of standard computer calculations of R (6) and

(6) for metal-Ag coating, R =0.90, and for s and p po-
larizations are also given in Fig. 17.
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