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Anomalous Spontaneous Emission Time in a Microscopic Optical Cavity
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We have realized total electromagnetic mode confinement in a microscopic optical, Casimir-type, cavi-
ty and detected the resonant change of the molecular fluorescence time under short-pulse excitation due
to a spontaneous-atomic-decay enhancement-inhibition process (Purcell effect). This corresponds to the
first realization in optics of the resonant coupling of atoms with a single mode of the radiation field.

PACS numbers: 42.50.Fx, 03.65.—w, 12.20.Fv, 32.50.+d

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 at-
tracted in the past a great deal of attention, both on the
theoretical > and the experimental sides.>™> In recent
times, spontaneous-emission (SE) enhancement-inhibi-
tion processes in macroscopic cavity structures have been
investigated mostly in the microwave and infrared zones
of the spectrum.® A very recent paper by Heinzen et al.
deals with such an effect in the optical range, reporting
evidence of the resonant behavior of the light intensity
emitted by atoms placed in a large-size confocal resona-
tor and detected in a “‘continuous-wave” (CW) condi-
tion. *

The present experiment is substantially different from
that work because a “microscopic” optical cavity (or
“microcavity,” i.e., with size d <A, the SE wavelength)
is involved, and a very direct measurement of the atomic
relaxation time 7T is performed by the detection of, for
the first time in this kind of experiment, the spontaneous-
ly emitted radiation in the time domain.> The signifi-
cance of these features may be appreciated if one consid-
ers that, in general, two entirely different resonant pro-
cesses affect any SE light-intensity measurement in the
presence of a cavity. First, the presence of a resonant
structure necessarily affects the emission probability
W,=Y.fW; of the set o of the modes that are confined
by the cavity itself. As a consequence, if one of these
modes is probed out of the cavity, a resonant change of
SE light intensity must be detected. This effect, corre-
sponding to a light-intensity spatial redistribution, is ob-
served even in the absence of any sizable resonant
change of the average atomic spontaneous decay rate
I'.*® A true resonant inhibition-enhancement effect on T’
[and then on the average SE rate (1/7)] may be realized
experimentally if all (or at least a very large portion of
the) radiation modes interacting with the atoms are
confined within the cavity boundaries and are then
affected by the resonance. For field confinement by
plane boundaries, this condition can be realized only if
the relevant linear dimension d of the resonator is of the
order of the SE wavelength A, a condition not easily real-

izable in the optical range.®> Second, as shown by
Heinzen et al., an approximate alternative to this condi-
tion may be represented by the use of a macroscopic de-
generate confocal cavity. However, in this case, where
the resonant behavior of the SE light intensity is investi-
gated in a CW condition and a full mode confinement is
not achieved, the two competing effects overlap and may
not be easily separated.* On the basis of these con-
siderations and of the theoretical results given below, it
appears that, in general, a direct nonambiguous test for
the verification of the “real” effect, the Purcell effect,! is
the detection of the resonant change of the SE lifetime T
in the time domain and in a total-mode-confinement con-
dition.”

Fulfilling this program, we have obtained the first real-
ization of total mode confinement in a microcavity and
the experimental evidence of the resonant behavior of the
atomic spontaneous-emission lifetime in the time
domain, under pulsed excitation.> A microscopic piezo-
electrically tuned Fabry-Perot cavity (Fig. 1) is com-
posed of two plane dielectric-coated mirrors (resonator
finesse =15). A steady flow of a 10 ~* ethanol solution
of tetraphenylnaphthacene dye (free space To=1/4=13
nsec) was maintained between the mirrors. The optical
pumping of the active medium was provided by second-
harmonic generation at A, =0.53 uym by an ultrastable
self-injected neodymium-doped yttrium aluminum gar-
net laser with pulses of 2-nsec duration.® During the ex-
periment, the intensity of the pumping beam was taken
below the simulated emission threshold for d <A/2. The
pump beam was also well collimated and was injected
into the cavity through one mirror (A) at a selectable
angle ¥,, taken with respect to the cavity axis, in order to
take advantage of the effect of “periodic optical pump-
ing,” a technique that we recently introduced and which
is based on the self-interference of the pump beam on a
reflecting mirror (B).>° This technique allows one, by
changes of ¥, to position accurately the zones of pump-
ing and then to control the location of the excited mole-
cules in the intracavity space. By SE intensity measure-
ments we found that ¥, =48 ° was the angle correspond-
ing to a selective molecular excitation located at z =A/4
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FIG. 1. Microscopic Fabry-Perot cavity (section). The directions of the incoming and reflected beams with the excitation wave-

length A, =0.53 um are shown at the right-hand side.

from mirror B. This last mirror was 96% reflecting for
the SE and the pump wavelengths (,A,), while mirror
A was 98%-reflection coated at A and antireflection coat-
ed at A,. The SE light emitted from the cavity was
filtered by an interference filter centered at A =6328 A
(10-A pass band), focused on the end of an optical fiber,
and then recorded by a large-quantum-efficiency RCA
C31034A photomultiplier (2-nsec rise time). The SE
waveform data were computer processed by interfacing
with a Le-Croy 8013A fast waveform digitizer (1.3-GHz
bandwidth). The cavity alignment was maintained by
means of two small disk-shaped piezoelectric transducers
(PZR) while the cavity spacing was controlled by a
Micro-Controle positioner (by 1000-A steps) and, on a
finer scale, by a large cylindrical PZT. We found that,
fortunately, the cavity alignment for d <A was kept par-
ticularly stable by the surface tension of the dye solution.

The mirror spacing d could be varied over a distance
ranging from about 1 mm down to a very small fraction
of A, thus realizing, for d <A/2, the remarkable
quantum-mechanical effects related to the field-mode
elimination and the topological configuration of the
Casimir effect.!? Note that, for  SA, the atoms in our
cavity were forced to interact resonantly with a single ra-
diation mode, thus realizing, for the first time at optical
frequencies, a novel and quite interesting quantum-
statistical situation.!!

In Heisenberg’s representation, the dynamics of the
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single-atom-field coupling is expressed, as usual by a
Dicke Hamiltonian written in terms of the time-depen-
dent atomic displacement operators (I17,I1) and field
operators (aj,ax) belonging to the modes k.'> By a
Markov approximation, we obtain the evolution equa-
tions for the atom and the field belonging to the (single)
mode & which is probed out of the cavity, for instance,
along the cavity axis:

%(H*H)=—%§(agak) (w=wy), (1a)

%(aiah) = — (gufi) (TTEP+H.c.) + 7, (D). (1b)

Equations similar to (1b) may be written for any deexci-
tation mode k. By solving in first approximation the set
of dynamical equations we obtain the (SE) decay rate
for an atom placed at a distance z from one of the mir-
rors and with dipole moment g orthogonal and parallel
to the mirrors, respectively:

rL(z)=Ax3/(1—R)*xU,—15),
Ni(z)=Ax3/20—R)*x,+1,),

(2a)
(2b)
and
/2
L@ =J" Gw.zdv,
/2
I,(z) =j:) G (®,z) cos?(¥) dv,
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where A is the free-space rate, ¢ is the angle made by k
with the cavity axis, B=z/d, § =kdcos(¥), E{=a;(0)
xexp(—iwgt)+H.c, fr =2sin(88), R2=R,R,, R,R;
= mirror reflectivities, ®w =atomic resonant frequency,
e=field polarization, g =— QrwiY/nhV)"?(e p),
Y=1/(1—R)*[1+Fsin%*(8)] (Airy function), F=4R/
(1 —R)?*=[(2/n) x (instrumental finesse)]?,

yi =27(g1 fi) 2 [6(wx — )+ 6(wi +w)],
G (¥,z) =sin?(B5) sin(®¥)/[1+ Fsin?(8)1,

k =2nn/r, V =volume of field definition. Equation (1a),
expressing energy conservation, shows that the time evo-
lution of the atomic energy operator depends on the full
set of kK modes available to the atom for spontaneous de-
cay. Then the atomic decay rate I’ may be substantially
affected by the cavity resonance only if all (or a large
portion of the) k modes are confined by the cavity itself.
Furthermore, by an averaging over the vacuum state, Eq.
(1b) shows that the (SE) decay time T of the radiated
energy (0| afay | 0) detected under pulse excitation coin-
cides with the decay time of the molecular excitation,
i.e., T=1/T. On the other hand, Eq. (1b) also shows
that if a CW field-intensity measurement is made on the
observational mode A, the cavity transfer function Y
plays a large role in the determination of the resonant
behavior of the detected intensity, even in absence of any
sizable resonant change of I', thus realizing in this last
case a mere spatial-intensity-redistribution effect.

The experimental evidence of the variation of the
spontaneous-emission lifetime 7 upon cavity tuning is re-
ported in Fig. 2. Trace 2(a), representing (SE)
“enhancement,” is obtained for d =A/2, while the SE
“inhibition” effect, shown by trace 2(b), corresponds to
d=)\/8. These data were taken with the periodic-
optical-pumping angle set at ¥, =48°. A 20% decrease
of the effect was detected by our setting 9, close to its
extreme values 0° or 90°. At A =6328 A, we found that
a lifetime shortening of a factor of at least 6, with
respect to the free-space value T, could be easily detect-
ed, while the maximum time lengthening factor that we
could obtain was =3. In addition, the pulse area was
found to decrease by a factor of about 10 in passing from
the maximum enhancement condition at d =\/2 to the
maximum inhibition that we could achieve. The theory
expressed by Egs. (1) and (2) shows that, in idealized
conditions, nothing would prevent T from going to
infinity for d approaching zero, and that the pulse area
should remain constant for different values of d, apart
from a small change due to volume variation. We ex-
plain this behavior by considering that, in our broad-
band fluorescing system (band centered at A =5950 A,
AL =620 A), a sizable effect of excitation loss takes
place as a result of cavity-resonance-assisted leaking of
fluorescence photons mainly in cavity inhibition condi-
tions: Molecular states (SE) inhibited at A tend to deex-
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FIG. 2. Oscilloscope traces showing the Purcell effect in
conditions of (a) spontaneous emission “‘enhancement” and (b)
“inhibition” at A =6328 A. Traces (a) and (b) may be com-
pared with (c) which shows the corresponding spontaneous
emission decay in free space, i.e., in the absence of cavity
effects.

cite in a Casimir cavity at A' <A if a sizable effect of
homogeneous broadening is present. '3

In summary, we have given a most direct demonstra-
tion that the fundamental time of a quantum
phenomenon, the spontaneous-emission time, is altered
by a process of nonlocal space symmetry breaking, thus
realizing a new type of Casimir effect.
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