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A variety of stimulated nonlinear optical processes are observed under relatively low intensity cw

excitation in droplet spherical microcavities.

These include stimulated Raman and Rayleigh-wing

scattering as well as four-wave parametric oscillation. The low thresholds for these stimulated processes
are accounted for by all waves being in resonance with high-Q droplet modes and by the existence of a
significant cavity QED enhancement (>100 times) in the nonlinear gain coefficients.

PACS numbers: 42.50.Wm, 12.20.Fv, 32.80.—t, 42.65.—k

There has been considerable interest recently in studies
of optical resonators having dimensions comparable to the
wavelength of light [1]. These can be used to fabricate
very low threshold microlasers and to observe interesting
quantum optical behavior. For example, when atoms are
placed in a microcavity, radiative rates may be enhanced
[2,3] (or inhibited [4]) by tuning the cavity resonance onto
(or off) the emission frequency. Early demonstrations
of cavity quantum electrodynamic (QED) modification
at visible wavelengths utilized one-dimensional Fabry-
Pérot cavities [5-8]. Recently, dramatic cavity QED
effects have been observed in microdroplets [9-14].
Spontaneous emission from droplets show intense spectral
peaks superimposed on the normal bulk emission [9] as
well as modified fluorescence lifetimes [11] and enhanced
lasing [12] and Raman gains [13]. Transparent droplets
act as natural high-Q microresonators with feedback
provided by whispering-gallery light waves [10,15]. A
spherical cavity represents a case of three-dimensional
confinement with large mode density enhancements (>10*
times) [10] on resonance and cavity Q’s as high as
2 X 10% [14] in the visible. In this Letter, we observe that
a variety of third order nonlinear optical effects, normally
seen in bulk liquids only under intense nanosecond pulse
excitation, are readily duplicated using low power cw
beams in droplets. For example, we observed continuous
wave stimulated Raman scattering (SRS) with as little
as 30 W/cm? incident excitation (corresponding to only
three photons of laser pump in a cavity mode), four-
wave parametric oscillation, and stimulated Rayleigh-
wing scattering (SRWS) with Stokes shifts as great as
600 cm~! at incident intensities of only 80 kW/cm?.
We attribute the low pump power requirements to all
interacting waves being simultaneously resonant with
high-Q droplet modes and by the presence of a significant
cavity QED enhancement in nonlinear gain (gains 100X
that normally observed in a bulk liquid).

Monodisperse streams of carbon disulfide droplets
varying in size from 8 to 10, 12 to 15, 16 to 20, 24 to
30, and 32 to 40 um in diameter were produced using
a vibrating-orifice droplet generator [16] with nominal
5, 7.5, 10, 15, and 20 um diameter orifices, respec-
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tively. Fine tuning of droplet size in each range was
accomplished by varying the orifice frequency. Droplets
were excited as they fell through a vertically polarized
514.5 nm cw argon-ion laser beam focused to a 40 um
spot diameter. Spectral composition of the scattered
radiation was examined with (1) a scanning Spex 1 m
double monochrometer (resolution of ca.2.25 cm™!)
equipped with a cooled photomultiplier—photon-counting
system, and (2) a lower resolution (ca. 10 cm™") % mJ-Y
spectrograph equipped with a 1800 groove/mm grating
and interfaced to a Princeton Instruments linear diode
array detector. The higher sensitivity photon-counting
system was used to examine spontaneous Pprocesses
whereas the reduced sensitivity of the diode array allowed
observation of only intense stimulated processes. Spe-
cific sizes were located in which laser, Stokes, and all
nonlinearly generated wavelengths coincided with high-Q
droplet resonances.

Figure 1, obtained using the low sensitivity diode ar-
ray detector, shows a typical stimulated inelastic scatter-
ing spectrum in the range 18800 to 18200 cm™! from
CS; droplets (radius a = 4.1 um) obtained with 1 W of
laser power. The intense feature at 18 780 cm™!, shifted
654 cm™! to the red of the laser pump, is due to SRS
associated with the C-S stretch vibrational model. This
Stokes feature begins to grow nonlinearly at incident pump
powers as low as 200 uW (30 W/cm?). Although the-
ory predicts the existence of cavity modes with very high
Q’s (>10'%) in droplets of this size, the highest values are
limited by the large Rayleigh scattering losses, 1073 cm ™!
[17] in liquid CS,, to a value of 10%. Simultaneous cav-
ity resonances at pump and Raman wavelengths lead to
enhanced intracavity pump intensities and long effective
interaction lengths. For example, a Q of 10® at the Raman
wavelength leads to an effective path length (=AQ/27n,
where 7 is the index of refraction) of ca. 5 m. Intracav-
ity pump intensity, estimated [13] by multiplying the frac-
tion of pump coupled into the resonance (=vQ~'8 v,
where 87, = 0.3 cm™! is the laser bandwidth) by the cav-
ity buildup factor (nQ/[27av]?), is about 100 times that
of the incident intensity for modes having Q’s in the range
10° to 10® under experimental conditions of Fig. 1. Us-
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FIG. 1. Spectrum showing stimulated Rayleigh-wing scatter-

ing in 4.1 um radius carbon disulfide microdroplets. The line
at 18780 cm™! is the 654 cm™' (symmetric C-S stretch) Ra-
man Stokes of the cw 514.5 nm laser source which acts as a
pump to drive SRWS features up to 600 cm™! to the red. The
positions of the specific SWRS lines correspond to available
high-Q spherical cavity resonances of this size droplet. Peak
amplitudes follow the theoretical asymptotic A»~! dependence
of stimulated Rayleigh-wing gain.

ing the estimated droplet enhanced pump intensity and ef-
fective path length and comparing our data to long-path
experiments performed in liquid-core fibers [18] and to es-
timates based on published bulk liquid Raman gain [19],
we find that our experimental droplet Raman threshold is at
least a factor of 100 smaller than expected assuming bulk
liquid behavior. This is consistent, however, with SRS
droplet thresholds reported previously [13] and can be at-
tributed to a cavity QED enhanced (100X) Raman gain
coefficient of >2 cm/MW (compared to a bulk CS; value
of 20 cm/GW). Note that in 4.1 um radius droplets, the
resonant pump threshold intensity of only 3 kW/cm? in-
side the droplet corresponds to as few as three green pump
photons in the minimum volume azimuthal mode [20].
In order to clarify the role of QED gain enhancement in
these experiments, we measured the SRS thresholds as a
function of droplet size. Here the total gain is assumed
equal to a gain coefficient g, multiplied by the intracav-
ity pump intensity /.. Threshold for oscillation occurs
when gain per length exceeds cavity loss per length, i.e.,
8cl. > 2mn/AQ. Thresholds of 200 W, 1 mW, 3 mW,
20 mW, and 45 mW were observed for nominal diameters
of 8, 12, 16, 25, and 32 um, respectively. The threshold
follows an a* relationship (g.I. * a=*). A portion of the
variation in g/, is attributed to an a~2 dependence of /.
(assuming equal incident intensity) [21]. The remaining
a~? dependence can be attributed to cavity QED enhance-
ment of g..

The familiar “Purcell formula” (n = 3QA3/47%V,,; Vs
is cavity mode volume) [2] for cavity QED enhancement

n, derived using Fermi’s golden rule and the peak
mode density at the center of the cavity resonance, is
not applicable in liquid droplets [11] when the cavity
mode width (v, = v/Q) becomes narrower than the
homogeneous linewidth I' of the nonlinear scattering
process. In such a case, the rofal emission rate or
scattering cross section will be averaged over regions
of enhancement and inhibition. However, the functional
dependence may be approximated by modifying Purcell’s
formula by substituting an equivalent material quality
factor Q,, (=v/I'). When this is done, the resulting
functional form ( =~ 3A2/472T'V,,) is consistent with our
observed size dependence since 1/V,, « a~2 [20]. This
procedure, however, does not yield a good estimate of the
magnitude of the gain enhancement because Purcell’s 7
represents the ratio of the spontaneous rate of a single
microcavity mode to the total spontaneous rate of all
available free-space modes. Stimulated processes are
inherently single mode effects. It is necessary to define
a cavity gain coefficient enhancement x which is obtained
by dividing the spontaneous rate of a single microcavity
mode by the spontaneous rate of a single mode of a
macroscopic (or free-space) cavity. Performing such a
calculation for spherical geometries under the assumption
of broad I' requires extensive numerical analysis and does
not lead to a simple analytical expression. We present
instead an approximation that treats the droplet as a
simple Fabry-Pérot and yields an order of magnitude gain
enhancement estimate. Following the procedure outlined
in Ref. [8], the single mode enhancement is simply

K = go/go = fo pc(u)R(v)av/ fo po(#)R()8.

R(v) is the square of the matrix element of the
interaction Hamiltonian between the initial and fi-
nal states and may be separated into frequency-
dependent and -independent parts, Rog;(v,T’), where
gr(»,T) is a normalized Lorentzian line shape,
(TC/2m)[(v — wo)* + (T'/2)*]"'. The density of states
per unit volume p. (po) of the microcavity (large cavity)
is calculated by counting only those modes having
their k£ vectors perpendicular to the mirrors and leads
to pc(¥) = (1/Vm)gr(v,8v;) = (1/AL)gL(v,8v;) and
po = 2/A, where A is the mode cross sectional area and
L is the cavity spacing. Integration under the assumption
of v, < T yields k = 2Av./#T at line center, where
Av, is the frequency spacing between cavity modes
(Av, = 1/2L). While this simple expression does not
give the correct size dependence (the actual droplet calcu-
lation must include the effect of a slight spread in k vector
directions that increases as droplet size decreases), it does
demonstrate that significant gain enhancement is expected
in 4.1 um radius CS, droplets (« = 2Av. /7T = 350
under conditions of Fig. 1; i.e,, Av, =275 cm™! and
I' = 0.5 cm™! for the 654 cm~! Raman line).
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At higher laser powers, the SRS Stokes wave, in turn,
begins to act as a secondary pump and subsequently
generates several types of nonlinear waves. For example,
in Fig. 1 there are a series of stimulated features extending
600 cm™! beyond the first Stokes toward the red. Similar
superbroadened stimulated Rayleigh-wing scattering have
been observed in bulk liquids [19,22] as well as in
CS; liquid-core fibers [23] under intense nsec or psec
excitation and are attributed to field induced molecular
orientational motion. The greater internal intensity of the
pump compared to nearby SRWS features enables us to
rule out sequential multiorder Stokes SRWS generation to
explain the superbroadening. Here also, the magnitude
of the nonlinear optical gain appears greatly enhanced
relative to the bulk value of 3 cm/GW [19]. Even
though all relevant waves are near resonant in a high-Q
cavity, there is not enough bulk SRWS gain present to
allow such far-flung features at these experimental pump
intensities. For example, superbroadening experiments in
CS; liquid-core fibers [23], having comparable interaction
lengths to our droplets, require over 2 orders of magnitude
higher pump intensities even when the cavity effects of
pump intensity resonant buildup are considered. This
experimental number (x > 100; see calculation [24]) is
consistent with an estimate of k =~ 54 using the 2Av /7T
approximation (I' = 3.2 cm™!) for the SRWS process.

Figure 2 shows scattering near the first SRS Stokes
(here vy) for 4.4 um radius droplets obtained with the
high sensitivity photon-counting system. Argon-ion laser
power of 50 mW was used. A second line, desig-
nated »,, has exceeded SRWS threshold. The three
sets of features designated by »;’s and v4’s are due to
the spontaneous parametric mixing process, v + vy —
v3 + vy, via the induced nonlinear polarizations, P34+; =
X®E|E,E,—;. Here i = 1 or 0 and the E’s are the elec-
tric fields at the corresponding optical frequencies. While
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FIG. 2. Spectrum showing spontaneous four-wave parametric
scattering in 4.4 um radius CS, droplets. The waves at
frequencies v, and », are scattered into radiation at »3 and v,
as shown in the energy scheme outlined in the upper right-hand
energy diagram.
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a continuous range of v3, v4 frequencies satisfy the rela-
tion v; + v, = v3 + v4 and are nominally observed in
high intensity bulk experiments [23], only those sets of
discrete vs, v4 satisfying energy conservation and simul-
taneously in resonance with the droplet lead to peaks
in the low intensity microdroplet case. In these cases,
the anti-Stokes and Stokes waves are coupled [22]. The
two peaks near 18750 cm™!, however, correspond to
spontaneous Rayleigh-wing scattering with the Stokes
wave decoupled from the anti-Stokes [22] (note reso-
nance missing at v,). The rapid decrease in scattered
peak heights (< Av~2) is consistent with a molecular ori-
entational spontaneous scattering process (i.e., the classi-
cal Kerr nonlinearity). The presence of such spontaneous
peaks is a distinguishing feature of cavity QED. The
greater number of resonances here than in Fig. 1 (note
the scale change) is explained by the appearance of
lower-Q modes as well as the previously observed high-
Q modes. All modes are expected to be visible in cav-
ity QED spontaneous processes but not necessarily in
stimulated scattering where the oscillation condition re-
quires high Q. The similarity in apparent mode am-
plitudes when true peak heights are unresolved follows
from the cavity QED enhancement per frequency being
proportional to Q and the spectral widths being propor-
tional to 1/Q, leading to a spectrally integrated line in-
tensity independent of mode order and cavity Q.

Figure 3, obtained with the low sensitivity diode array,
shows droplets shifted slightly in size from that of Fig. 2
to allow higher-Q modes to participate in the parametric
mixing. When the laser power was increased to 300 mW,
four-photon parametric oscillation occurred (see stimu-
lated anti-Stokes features near 18 800 cm™'). The spec-
tral range of Fig. 3 was expanded to illustrate the diversity

of nonlinear processes encountered. Near 18260 cm™',

Vs

>—
L Vi
)]
=Z Vm v
§8] Vi m
—
P

Vo

T T T T n T T T T T

18,800 18,600 18,400 18,200 18,000 17,800

FREQUENCY (cm-)

FIG. 3. Spectrum from 4.4 pm radius CS, droplets showing
several nonlinear optical processes pumped by the wave at
v,. The two anti-Stokes features at the extreme left are
associated with four-photon parametric oscillation. Raman
assisted biharmonic pumped four-wave difference frequency
generation as outlined in the energy diagram at top center is
evident between 17 800 and 18200 cm™'.
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the presence of a second 654 cm™! Stokes line is appar-
ent. The three nearly equal intensity features to the red at
intervals of 70—80 cm™! are due to a biharmonic pump-
ing process [25] as illustrated in the energy level diagram
at the top center of Fig. 3 (i.e., v, + vy — v, + v, With
Vp, Yy, Vs, and v, associated with the spectral features in-
dicated). It is clear from these initial studies that the cav-
ity QED enhanced nonlinear optics of microspheres is ex-
tremely rich and warrants further theoretical and experi-
mental investigation.
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