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Cavity-QED-enhanced

stimulated visible emission was observed in

14-pym-diam rhodamine-

6G-ethanol droplets pumped by cw 514.5-nm radiation. Use of droplets provides an excellent test of
cavity QED theory for spherical geometries. The mode number and order of the spherical-cavity reso-
nances responsible for the observed emission peaks were identified and their Q values calculated from
Lorenz-Mie theory. By equating stimulated gain to calculated/measured cavity losses, it was determined
that spherical-cavity Q’s of only 103-10* lead to cavity QED enhancements in excess of 120 in the emis-
sion cross section of rhodamine 6G, consistent with theory.

PACS numbers: 42.50.Wm, 12.20.Fv, 32.80.—t, 42.55.—f

It is now generally accepted that the fluorescence from
an atom or molecule may be alternatively enhanced [1-3]
or inhibited [4,5] by its placement in a microcavity, de-
pending on whether or not the emission spectrally coin-
cides with the cavity resonance. This effect was first dis-
cussed by Purcell [1], who noted that the changes in the
final density of states per unit volume and unit frequency
would lead to a greatly enhanced probability for spon-
taneous emission over that normally observed in free
space. On resonance, the enhancement may be approxi-
mated by the expression 3DQA3/4x2V,,, where D is the
degeneracy of the resonance, Q is the cavity quality fac-
tor, A is the emission wavelength, and V,, is the mode
volume. Much of the previous experimental work on cav-
ity enhancement at visible wavelengths was performed us-
ing Fabry-Pérot cavities [6]. Recently, the importance of
restricted dimensionality of the cavity, leading to greater
spontaneous emission rates [7], was noted. A spherical
cavity represents a case of three-dimensional enclosure
and is attractive because all fields and modes, both inter-
nal to and external to the cavity, are exactly calculable in
practice. It has been known for some time that nearly
transparent microdroplets act as such high-Q resonators,
the feedback provided by light waves that totally internal-
ly reflect at the droplet-air interface and fold back on
themselves [8]. Spherical-cavity resonances in micro-
meter-sized droplets occur at a series of discrete wave-
lengths throughout the visible. For a given droplet, reso-
nances occur at specific values of x, ;. Here x is the size
parameter given by 2za/A, where a is the droplet radius,
and n and / are integers. The mode number n indicates
the order of the spherical Bessel and Hankel functions
describing the radial field distribution and the order / in-
dicates the number of maxima in the radial dependence
of the internal field distribution. Both discrete transverse
electric (TE) and transverse magnetic (TM) resonances
exist. Emission from dielectric microspheres [9] and
fibers [10] containing fluorescing dyes shows sharp line
structure superimposed on the normal broadband emis-
sion. These spectral features (see Fig. 1) result from cav-
ity quantum electrodynamic (QED) enhancement of the
Einstein A coefficient at specific spherical-cavity-reso-

nance wavelengths. Recent theoretical work [11-13] pre-
dicts very large (200-1500 times) cavity QED enhance-
ments in the A coefficient of molecules embedded in such
micrometer-sized droplets. It has not been previously
possible to perform quantitative experiments on such
droplets owing to the inability of identifying the specific
mode number and order of the many observed reso-
nances. Each of the modes has dramatically different
spatial properties, cavity Q, and consequently, varying de-
grees of enhancement. In addition, contributions to the
total fluorescence from other portions of the droplet not
affected by the cavity further complicate the experiment
by providing an intense broad spectral background (see
Fig. 1). In the present work, we estimate the magnitude
of the enhancement by equating lasing gain (related to
the B coefficient) to the cavity losses at wavelengths cor-
responding to various resonant modes. To achieve this,
we rely on a newly developed procedure [14] for identify-
ing the participating spherical-cavity resonances. Once
identified, the Q of the mode is calculated from Lorenz-
Mie theory, as well as measured experimentally from
low-intensity linewidth measurements. Using this pro-
cedure, we find that Einstein-B-coefficient enhancements
of 120 are typical for a relatively low-Q mode (2.6 x103),
consistent with theoretical predictions [11-13].

A vibrating-orifice aerosol generator [15] (VOAG) was
used to produce a falling linear stream of virtually identi-
cal (less than 2 parts in 10° diameter variation), 14-um-
diam droplets of 10 ~>M rhodamine 6G (R6G) in ethanol
solution, which were excited (50-600 W/cm?) by a cw
argon-ion laser. Concentration of the dye was verified by
measuring the absorption coefficient a of a 1-cm sample
at the excitation wavelength (514.5 nm) to be 1.3 cm ~ .
Previous studies have shown that evaporation of the sol-
vent was negligible under the present operating conditions
of the VOAG. Droplet emission was examined using a
double 1-m Spex spectrometer and photomultiplier. The
sample liquid is direct pressure fed to a 5-um vibrating
orifice. The droplet stream could be calibrated by induc-
ing a size ramp through the use of a frequency synthesiz-
er to drive a piezoelectric transducer mounted on the
orifice. Droplet scattered light as a function of VOAG
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FIG. 1.

Emission spectra observed from rhodamine 6G in ethanol droplets (lower and upper curves obtained under 300 and 400

W/cm? excitation intensity). The spectral peaks superimposed on the usual broadband dye emission are due to cavity QED enhance-
ment of the emission and their positions correlate well with predicted spherical-cavity-resonance A’s. Up (down) arrows refer to TE

(TM) modes.

frequency was monitored at an angle of 89.9° using both
He-Ne (632.8 nm) and argon-ion (514.5 nm) laser light
as probes. Following a previously described procedure
[14], unique matches to the elastic-scattering data were
obtained by comparison to curves calculated from
Lorenz-Mie theory. This establishes a precise one-to-one
correlation between orifice frequency and droplet size as
well as the indices of refraction at 514.5 and 632.8 nm
and the calculated placement of cavity resonances.

Figure 1 shows two typical R6G emission spectra from
a 7.36-um-radius droplet as well as the predicted wave-
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FIG. 2. A magnified portion of Fig. 1 showing the precision
of the predicted mode placements.
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number and size-parameter placement of all spherical
cavity resonances from /=1 to 4. Up (down) arrows
refer to TE (TM) modes. The positions of the measured
and predicted resonances correlate well, as is shown in
Fig. 2 which is an expanded portion of Fig. 1. All four
mode orders can be seen at various places in the spec-
trum. The /=1 and 2 modes show clear signs of lasing
(e.g., nonlinear growth) at our lowest pump intensities
(50 W/cm?), whereas the third- and fourth-order modes
require higher powers to reach threshold. This behavior
is related to the cavity Q of the various modes which can
be estimated from elastic-scattering linewidths (Q
=x/Ax =v/Av) calculated from Lorenz-Mie theory. The
total cavity quality factor Q is a measure of the feedback
provided by the mode. In Fig. 3, Qus is calculated using
only the real part of the refractive index m. The term
Qext is used [14] as a measure of the cavity light leakage
(fraction radiated per pass is 2amx/Qex). In general,
1/Qext =1/Qus~+ 1/Q pert, Where Qpert accounts for the de-
viation of a real droplet from a homogeneous sphere due
to shape and index perturbations. Broadening due to ab-
sorption is accounted for by using Qans, defined as
2zm/La, in the expression 1/Q =1/Qexi+1/Qaps. Gen-
erally the /=1 and 2 modes are not observed at higher
wave numbers, while the third- and fourth-order modes
favor this part of the spectrum. The fraction of light
eventually coupled out of the droplet compared to that
absorbed [14] is given by Q/Qecx. Because of its implicit
dependence on a through the dye singlet-state absorption,
Q rapidly decreases with increasing wave number, and
when Q/Q.x <1 the mode disappears. The lower-order
high-Q modes are more sensitive to absorption and are
consequently not visible at high wave numbers in Fig. 1.
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FIG. 3. Cavity Q’s as a function of size parameter calculated
from Lorenz-Mie theory. Here, a homogeneous sphere was as-
sumed with ¢ =6.82 ym and m =1.363, corresponding to etha-
nol droplets of similar parameters used to obtain the data of
Figs. 1 and 2. Squares, triangles, circles, and diamonds refer to
modes of order one, two, three, and four, respectively. Solid
symbols correspond to TE modes, while open symbols corre-
spond to TM modes.

QOpert may be determined from this behavior by noting
when the first-order modes appear spectrally at re-
duced intensity (e.g., O/Qexi = Qabs/Qext = 0.1 at 17600
cm ~'). Using a measured value of a at this wavelength,
an estimate for Qper of 10® was obtained. Therefore, to-
tal O’s for the first- and second-order modes are lower
than the Qys’s shown in Fig. 3 when the effects of shape
perturbations and singlet absorption at short wavelengths
are considered. Q’s of /=1 modes are typically 107-10%,
while those of / =2 modes are about 10° or less. Howev-
er, Q’s of the third- and fourth-order modes are approxi-
mately equal to the Qys’s shown.

Figure 4 shows an expanded portion of the emission
spectra around 18100 cm ~!. Although the excitation in-
tensity has increased by only 50% over the three superim-
posed spectra shown, the emission intensity of the two
features has increased more than sixfold. The existence
of such a dramatic nonlinear intensity dependence is a
traditional indication that these modes are lasing [16].
At pump intensities lower than those used in Fig. 4, the
peak heights of these features show a linear dependence
with pump intensity, while at much higher pump levels
the data again display a linear dependence but with
greater slope. Although Yokoyama and Brorson [16]
predict the disappearance of a well-defined threshold in a
single-mode microcavity laser, this situation is not applic-
able in our multimode case. While the presence of lasing
/=1 and 2 order modes can be nominally explained by
the high-cavity Q’s associated with these modes, even as-
suming a gain calculated from bulk R6G emission cross-
section values, our observation that /=3 and 4 modes
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FIG. 4. Nonlinear emission characteristic of two resonant
modes just above lasing threshold. Lower, middle, and upper
curves were obtained using excitation intensities of 400, 500,
and 600 W/cm?, respectively.

also lase at R6G molar concentrations of 10 > cannot.

These lasing modes are direct evidence of substantial cav-
ity enhancements. Without enhancement, there simply is
not enough gain present, even if all R6G molecules
present were excited, to compensate for the coupling
losses.

One may express the gain per length of a conventional
dye laser [17] by the expression

g'—'Nlo'em—NoO'S_NTO'T, (1)

where N, Ny, and N7 are the populations per volume of
excited singlet-state, ground-state, and triplet-state
species, respectively. cem(A), os(1), and o7 (1) are the
singlet emission cross section, the singlet-state absorption
cross section, and the triplet-state absorption cross sec-
tion, respectively. An upper bound on the microcavity-
enhanced gain/length g¢ may be obtained by assuming a
limiting value of /V; equal to all R6G molecules present,
N:

g‘0W) = No&(n) . (2)

In Eq. (2), the cavity-enhanced cross section o&y is as-
sumed to be related to the noncavity value by
n=0&m/0em. For a mode to lase, its gain/length must
equal or exceed the cavity transmission losses per length,
2zm/AQ; therefore, its enhancement must satisfy the re-
lation

2rm
"= O Nowm O 3)

The enhancement of the emission cross section discussed
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here is in addition to and quite distinct from the strong
increase in the low-amplitude spontaneous-emission sig-
nal [18] or lasing gain that results from a pump intensity
buildup within the droplet cavity. In deriving Eq. (3), we
assumed that the pump excitation level is sufficiently high
that the gain is saturated and independent of intensity.
This is a great simplification as the precise details of the
field distribution of the pump within the droplet may be
neglected. The right-hand side of Eq. (3) reaches a max-
imum experimental value which more closely reflects the
true magnitude of n when the number of dye molecules
has been reduced to the point where the mode under con-
sideration is barely able to sustain lasing.

In the case of the TEdy mode shown in Fig. 4, the
relevant experimental values are Q =2600, N =5x10'°
molecules/cm?, and oem=10"'% cm? at 18100 cm ~!
[17]. Using Eq. (3), the experimentally obtained lower
bound on 71 is ca. 120. This number is significantly larger
than previously reported [6,19] enhancements in the visi-
ble, due in large part to the higher dimensionality of the
spherical cavity. If we approximate [13] the mode
volume to droplet volume by 1/m 2D '/2, where the degen-
eracy D is given by 2n+1, it can be shown that Purcell’s
formula for the droplet case may be written 7
=9m?2D 3/ZQ/Zx 3. On the basis of Purcell’s formula, the
calculated n for the TEgy mode is 90, in agreement with
the lasing value to within experimental error. If Purcell’s
formula were to remain valid at the highest droplet Q’s
(ca. 10%), cavity enhancements in excess of 10° would
occur. The theory of the high-Q strong-coupling regime
[13] has not yet been addressed in the literature for the
case of lasing gain and so the validity of Purcell’s relation
in this regime remains an open question. However, the
experimental approach outlined here should begin to pro-
vide some answers to this and related questions.

In summary, we have observed large-cavity QED
enhancements for spherical resonators (> 120) as pre-
dicted by theory even though the cavity dimension greatly
exceeds the wavelength of visible light. The use of natu-
rally occurring liquid droplet cavities provides an excel-
lent vehicle for confronting cavity QED theory with ex-
periments in regimes that are exactly calculable. Cavity
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effects such as Rabi nutations, fluorescence inhibition,
and spectral modification should be readily observable as
well.

@ Also with Potomac Photonics, Inc., Lanham, MD 20706.
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