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N onlinear optical effects in extended three-di
mensional media are sufficiently wel l known 
that in textbooks they are commonly treated 

using plane waves that can grow or deplete along the 
propagation direction. 1 When two of the dimensions 
are decreased to micrometer size whi le the third d i 
mension remains extended, as in the case of propaga
tion along an optical fiber, large nonlinear optical 
phenomena can occur because total internal reflec
tion can maintain a high electric field intensity over 
many meters along the fiber. 

The combination of high-intensity guided waves 
and long interaction lengths has produced numerous 
interesting nonlinear optical phenomena in fibers. 2 

When all three dimensions are decreased to micro
meter size, as in the case of a droplet, nonlinear opti
cal effects can still be readily observed at remarkably 
low input intensities. Several specific nonlinear phe
nomena can be observed from individual l iqu id drop
lets and we can use these phenomena to explain the 
underlying physics associated with nonlinear optics 
in micrometer-size objects. 

Stimulated Raman effect 
When a plane wave is incident on a droplet, the 

elastic scattering in the far and near fields and the 
internal field distribution are we l l described by the 
Lorenz-Mie formalism. 3 For micrometer-size droplets 
and for wavelengths in the visible, the internal field 
distribution is " focused" in the forward part of the 
droplet, as schematically shown in F ig . 1. 
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FIGURE 1. Schematic representation of internal 
fields of the incident beam and the stimulated Ra
man waves (first and second Stokes). 

If the ratio of the circumference to the input wave
length (commonly referred to as the size parameter) 
sat isf ies the morpho logy -dependen t resonance 
(MDR) conditions, the intensity at this focal spot can 
be even larger. This condition is often referred to as 
the input resonance. The focal volume provides the 
amplification of the spontaneous Raman waves. 

Some of the spontaneous and ampl i f ied Raman 
waves leak out of the droplet, and some of the ampli
fied Raman waves travel around the circumference. 
For those Raman-shifted wavelengths (within the Ra
man gain profile) that satisfy the M D R conditions, the 
optical feedback provided by the droplet-air interface 
is large. This condition is referred to as the output 
resonance for the internally generated inelastic radia
tion. 

For those Raman wavelengths which are at output 
resonances, the droplet can be envisioned as an opti
cal cavity wi th a large Fresnel number and Q-factors 
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For those Raman wavelengths which 
are at output resonances, the droplet 
can be envisioned as an optical cavity 
with a large Fresnel number and Q-
factors which are dependent on the 
mode number and mode order of the 

MDRs of a sphere or spheroid. 

that are dependent on the mode number and mode 
order of the M D R s of a sphere or spheroid. When the 
round-trip gain for the ampli f ied Raman wave around 
the circumference exceeds the gain at the focal spot 
(see F ig . 1), stimulated Raman oscillations at the first 
Stokes result. 

Figure 2 shows in color micrometer-size ethanol 
droplets emitting at the stimulated Raman scattering 
(SRS) wavelength (red, 631 nm), when the droplets 
are pumped by the second harmonic of a Q-switched 
N d : Y A G laser (green, 532 nm). These droplets are 
generated from a vibrating piezoelectric orifice which 
slices a l iqu id column at periodic intervals. The mi
croscope-enlarged photographs (on the left in F ig . 2) 
show how the ethanol droplets evolve from nearly cy¬
l indr ica l ly shaped droplets to irregularly shaped 
spheroids and finally to spheres (on the right in F ig . 
2) progressively downstream from the orifice. 

The green incident laser is propagating from left to 
right in F ig . 2. The camera is oriented at 90° to the 
laser direction and 90° to the droplet free-fall axis. 
The red SRS radiation is noted to be confined within 
a layer near the l iqu id-a i r interface where optical 
feedback is large. The green elastic scattering is at
tenuated by color filters. 

However, some of this green elastic scattering can 
still be seen at the necks, that connect the droplets 
(on the left in F ig . 2) before the droplets are com
pletely detached from each other. The yel low spot on 
the left side of each droplet is an artifact of the color 
film when both the SRS radiation (red) and the specu¬

FlGURE 2. Photographs of droplets undergoing stim
ulated Raman oscillations, which are red shifted 
relative to the green input pump (propagating from 
left to right). The droplets progressively evolve from 
cylindrical shapes to spheroids and finally to 
spheres as they flow further downstream from the 
orifice. 
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larly reflected radiation (green) expose the fi lm. For 
the oblate spheroid, the second bright yel low spot is 
also an artifact of the film when both the radiation of 
the SRS and the intense internal focal volume of the 
incident beam expose the fi lm. 

Intense SRS from organic l iqu id and water droplets 
(20 to 50 µm in radius) has been observed 4 at input 
intensity of less than 1 G W / c m 2 . In fact, the internal 
intensity of the first Stokes can be so intense that it 
can serve as the pump source for subsequent stimu
lated Raman oscillations at the second Stokes, which 
can also experience feedback at M D R s . The pumping 
region of the first Stokes wave is distributed around 
the droplet interface whi le that of the incident wave 
is focused at one spot (see F ig . 1). U p to fourteenth 
order, sequentially pumped SRS has been detected 
from C C l 4 droplets. 

Four-wave mixing processes such as coherent anti-
Stokes Raman scattering (CARS) and coherent Raman 
mixing have also been observed. 5 The wave-vector 
phase-matching requirement cannot be satisfied for 
waves propagating around the circumference. This 
requirement can be satisfied to some extent only in 
the directions of the pump and Stokes waves and 
within the focal spot shown in F ig . 1. Thus C A R S 
spectra are not affected by M D R s . 

Spectral broadening due to phase modulation of 
the incident and SRS waves has also been observed 
for droplets of C S 2 , which is known to have a large 
intensity-dependent index of refraction. 

Lasing droplets 
Lasing from ethanol droplets containing rhodamine 

and coumarin dyes has been observed. 6 A photograph 
of such lasing droplets near the orifice is shown in the 
cover figure. The pump laser beam is propagating 
from left to right, and the camera is oriented at 135° 
from this direction and 90° to the droplet free-fall axis. 
The red laser emission, analogous to the SRS emis
sion, is confined within the droplet interface. The 
green color is elastic scattering of the pump beam. 
The yel low is an artifact caused by combining the red 
and the green on the f i lm, as we l l as by over-exposing 
the film with the green. 

Because the observation angle is now 135°, the 
specularly reflected spot on the left portion of the 
droplet has shifted more toward the midd le . The 
bright yel low patches on the right edge of the drop
lets represent the elastic scattering from the internal 
focal spot. The threshold condit ion for lasing is also 
analogous to that for SRS. Lasing occurs at those spe
cific wavelengths within the fluorescence gain profile 
that experience feedback at M D R s . Just above the 
pumping threshold, the laser spectrum consists of a 

series of equally spaced peaks corresponding to those 
M D R s with the highest Q-factor wi thin the fluores
cence l inewidth. 

Upon increasing the pumping threshold, another 
series of equally spaced peaks emerges. The Q-factor 
of such a droplet cavity has not been measured. Based 
on theoretical calculations, the Q-factors should be 
enormous, and the cavity lifetime should therefore be 
considerably longer than the input pulse duration of 
10 to 15 nsec. 

Conclusion 
Nonlinear optical processes in micrometer-size l iq

u id droplets are readily observable. The theoretical 
treatment of nonlinear optical interactions, especially 
the growth of nonlinearly generated waves and the 
phase-matching condition, needs to be considered in 
the context of M D R s . The application of nonlinear 
spectroscopy for droplet diagnostics is just emerging. 
For example, lasing droplets have been used to de
duce evaporation and condensation rates from droplet 
size changes and to measure surface tension and bulk 
viscosity from shape osci l lat ions. 7 , 8 Many promising 
and exciting applications have yet to be explored. 
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