
Abstract. An overview of optical effects in micrometer-sized
droplets is presented. The fundamentals of microdroplet optics
are expounded. The scope of the analyzed phenomena includes
enhancement of the spontaneous emission probability, laser
generation, Raman light scattering, changes in the rates of
physicochemical processes, and peculiarities of action on dro-
plets by high-power light pulses. It is emphasized that the
knowledge acquired can be applied to droplet structure analy-
sis based on the measurement of resonance positions and ampli-
tudes in elastic or inelastic light scattering spectra.

1. Introduction

Investigations into finely dispersive heterophase media such
as aerosols, suspensions, gases and plasmas involving clusters
are of great interest for both the development of new
technologies and the cognition of anomalous physical
phenomena [1 ± 15]. Indeed, the rates of the elementary
physicochemical processes in dispersive media are subject to
variations which can be as great as to give rise to new physical
objects with specific properties. For example, Smirnov and
Eletski|̄ [10 ± 12] detail the cluster plasma concept. The
present review is focused on peculiar features of optical
processes in microdroplets.

The optics ofmicrodroplets has a long history. A review of
research in this field may be started with a reference to a work

of R Descartes published in 1639 [16]. It elaborated the ray
theory of the refraction and reflection of light in an isolated
spherical droplet. Two centuries later, G Airy improved this
theory taking into consideration diffraction of light [17] (see
alsoRef. [18]). The importance of thematter can be illustrated
by the following facts. On the one hand, Descartes resolved
the light scattering problem soon after he had created
analytical geometry [19]. On the other hand, modern authors
[20 ± 27] seek to find the solution of the same problem in the
framework of geometrical (ray) optics.

A strict analytical solution to the problem of electro-
magnetic wave scattering from the homogeneous sphere of an
arbitrary radius and with arbitrary dielectric constant was
independently obtained by Lorenz [28], Mie [29], Debye [30],
and Love [31] (see also Refs [18, 32, 33]). At about the same
time, LordRayleigh studied sound propagation over a curved
gallery surface [34]. This work of Rayleigh deserves to be
mentioned here since the term `whispering gallery modes'
(WGM) is also frequently used with reference to electro-
magnetic surface oscillations in optical resonators.

For an appreciable length of time, light scattering by
droplets had been a matter of purely academic interest. The
situation drastically changed in the mid-1980s in connection
with the appearance of lasers and computing machines.
Microdroplet studies were reported in hundreds of experi-
mental and theoretical works, and their results found
application in various branches of technology. The under-
standing of optical processes achieved in the course of these
studies gave rise to new branches of applied physics [35 ±
44]. For example, Braginsky et al. [36, 37] considered the
possibility of using WGM in solid-state microresonators for
the construction of a Feynman quantum-mechanical com-
puter. In paper [44], a quantum-dot laser scheme was
proposed.

The present review will consider variousWGMproperties
in droplets, observable subject to the applicability of the
Lorenz ±Mie theory.

Light scattering by an isolated droplet is usually referred
to asMie scattering provided the dimensionless droplet radius
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ranges from a few tens to several hundreds, namely

x � 2p a
l
' 102 :

From here on, l is the light wavelength in the medium
surrounding the droplet, and a is the droplet radius. If l lies
in the visible range, then a measures a few tens of micro-
meters. (When x5 1, the light scattering is called Rayleigh
scattering [45]).

2. Mie scattering

The formalism employed in the solution to the problem of
scattering of the plane monochromatic wave by a ball is
termed the Lorenz ±Mie theory; detailed characteristic of it
can be found in monographs [32, 46] (see also [47]). It is
described in brief below. Such a description of the theoretical
model is deemed necessary not only for the calculation of
scattered radiation parameters. In what follows, it will be
shown that excitation of WGM results in the formation of
resonance structures both in the scattered light spectra and in
spontaneous radiation spectra.

In the framework of classical electrodynamics, vectors of
the electric field strength E and the magnetic field strengthH
can be expressed through the Debye electric and magnetic
potentials v p. Hereinafter, the superscript p is used to indicate
the polarization of electromagnetic fields. Let p � 0 for a
transverse electric (TE) type field, and p � 1 for a transverse
magnetic (TM) type field. The Debye potentials v p satisfy the
scalar wave equation

D v p � em
c2

q2

qt2
v p � 0 ; �1�

where D is the Laplace operator, q=qt denotes the time
derivative, and c is the velocity of light in a vacuum. It is
assumed that the dielectric and magnetic permittivities of the
ball (II) and the surrounding medium (I) are constant:

e � e�II�; r4 a,

e�I�; r > a;

�
m � 1 :

Here r is the distance from the center of the ball. The relative
index of light refraction

n �
��������
e�II�

e�I�

r
:

The general solution of Eqn (1) in the spherical system of
coordinates r; y; f at r4 amay be represented in the form of
a superposition of spherical functions:

v p
i �

X
l;m

ap lm
1

r
jl�zx�Ym

l �y; f� exp�ÿiot� ; �2�

where z � n x, x � r=a, jl�z� �
�����������
p z=2

p
Jl�1=2�z� is the Ric-

cati ± Bessel function, Jl�1=2�z� is the Bessel function, and
Ym

l �y; f� is the spherical function. For r > a, the field
consists of the field of a wave incident on the ball:

v p
0 �r; t� � v p0 exp

�
i �krÿ ot��

and the scattered radiation field

v p
s �

X
l;m

bp lm
1

r
hl�xx�Ym

l �y; f� exp�ÿiot� ; �3�

where hl�z��
�����������
p z=2

p
H
�1�
l�1=2�z� � jl�z� � iyl�z�, and H

�1�
l�1=2�z�

is a Hankel function of the first kind. If the time dependence
of the electromagnetic field is taken in the form exp �iot�, then
a Hankel function of the second kind, H

�2�
l�1=2, enters into the

formulas instead of H
�1�
l�1=2 [26, 48]. Coefficients aplm and bplm

in Eqns (2), (3) are found from the continuity conditions for
the tangential components of vectors E and H at the ball
surface. Coefficients aplm and bplm being determined, the
electromagnetic field can be calculated at any point in space.

The extinction cross section sext is used as an integral
characteristic of scattering. It is introduced as the ratio of the
absorbed and scattered radiation power to the electromag-
netic wave energy flux [32, 46]. (If light absorption inside the
ball is absent, sext coincides with the light scattering cross
section.) The ratio of sext to the cross section pa2 of the ball is
denoted by Qext. According to the Lorenz ±Mie theory, the
normalized extinction cross section is given by

Qext � 2

x2

X1
p�0

X1
l�1
�2l� 1�Re apl : �4�

Here, the following notation was used:

apl � n1ÿ2p j 0l �z� jl�x� ÿ jl�z� j 0l �x�
Dpl�x; n� ; �5�

where

Dpl�x; n� � n1ÿ2p j 0l �z� hl�x� ÿ jl�z� h 0l �x�

(the prime labels the derivative of the function with respect to
its argument). Formula (4) is usually called the Mie expan-
sion, and the coefficients apl are known as the Mie scattering
functions.

In order to estimate the coefficients of expansion in
formula (4), expression (5) can be rewritten as

apl � 1

1� i upl
; �6�

where

upl � n1ÿ2p j 0l �z� yl�x� ÿ jl�z� y 0l �x�
n1ÿ2p j 0l �z� jl�x� ÿ jl�z� j 0l �x�

:

For the real parameter n, the expression upl conforms to a real
quantity. Therefore, the real part of coefficient (6):

Re apl � 1

1� u2pl

changes from 0 to 1. Instead of the real function upl, the phase
angle dpl is often introduced in the following way

upl � cot dpl :

In this case, the expression for the extinction cross section
assumes the form

Qext � 2

x2

X1
p�0

X1
l�1
�2l� 1� sin2 dpl :

By way of illustration, Fig. 1 shows the function Qext�x�
calculated for a ball with n � 1:5. The curve in Fig. 1b passes
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actually through a set of points �x; Qext�x�� spaced at
Dx � 0:005. The curve in Fig. 1a shows the same calculated
dependence borrowed from book [32, Fig. 32]. This curve can
be obtained if Qext�x� is computed assuming Dx � 0:1. The
hyperfine structure of the Mie scattering cross section [49] in
the range x � 15ÿ20 (see Fig. 1b) is inapparent in Fig. 1a.
This obvious distinction between the two curves indicates that
the calculation of Qext�x� has until recently presented a
complicated computational problem. The difficulty of com-
putation stimulated the search for an analytical solution to
the scattering problem as an alternative to the Mie expansion
(see, for instance, Refs [50, 51]). However, the algorithm of
calculation of coefficients apl proposed in paper [18] com-
bined with modern computing techniques simplify the task.

The dependence Qext�x� at large x is characterized by sets
of equidistant peaks [52 ± 59]. Specifically, two peak clusters
in Fig. 1b for x � 15ÿ20 correspond to the excitation of TE
and TM polarization modes. The quantity x for a resonance
mode with a number l lies in the vicinity of

xl ' 1

n

�
l� 1

2

�

(the mode number is sometimes called the angular momen-
tum index). Therefore, the distance between identically
polarized modes is equal to Dx � 1=n [56]. At the resonance
frequency, the imaginary part of the denominator in the right-
hand side of formula (5) becomes zero, upl � 0, andRe apl � 1
[26, 52].

3. Enhanced probabilities of spontaneous
emission

One of the interesting characteristics of optical microresona-
tors is a change in the Einstein coefficients for spontaneous
emission. This was first noticed in work [60]. If the radiative
transition with a dipole moment md is possible between the
energy levels of a particle, then it follows from Ref. [60] that
the probability (sÿ1) of spontaneous emission equals

A � 8p n2

c3
hn

8p3m2d
3h2

;

where 8p n2=c3 is the spectral photon density in a vacuum.
However, for a system in the resonant cavity, the factor
8p n2=c3 no longer gives the right number of oscillations per
unit volume and unit frequency. Now there is a single cavity-
related oscillation over the frequency range n=Q, and hence
the probability of spontaneous emission increases by the
quantity

f � 3Q l3

4 p2 V
; �7�

where V is the resonator volume.
In the language of qualitative estimates, droplets may be

said to have extremely high Q values at small volumes V [36,
37]. Therefore, the Einstein coefficient A may increase by a
few orders ofmagnitude. A strict theoretical proof of this idea
is provided in papers [61 ± 63]. The relevant experimental data
can be found in works [64, 65] (see also the review [66]).

Ching et al. [61] reported on the resonant properties of
the electromagnetic field in a dielectric ball with real n,
placed inside a hollow conducting sphere of radius L, as
L!1. An infinitely remote surface at which the tangential
component of E vanishes was introduced into the model for
the correct quantization of the electromagnetic field, taking
into account the energy dissipation from the resonator. This
may be regarded as a standard approach to the study of
media inhomogeneous in one direction [67 ± 69]. Vectors
E�r; t� and H�r; t� were found by their expansion in terms of
the real electric e�s; r� and magnetic b�s; r� eigenfunctions
[61]:

E �
X
s

oÿ1s

d a�s; t�
dt

e�s; r� ; �8�

H �
X
s

a�s; t� b�s; r� ; �9�

HH � e�s; r� � ÿos

c
b�s; r� :

Here, the constantsos are frequencies. The eigenvector e�s; r�
presents the solution of the equation

HH� �HH� e�s; r�� � o2
s

c2
e�r� e�s; r� ;

where e�r� � n2 at r4 a, and e�r� � 1 at r > a. The coeffi-
cients a�s; t� of expansion satisfy the equations

d2 a�s; t�
dt 2

� ÿo2
s a�s; t� :

The normalization of e and b was chosen in such a way
that the relations

I �1��s; s 0� � I �2��s; s 0� � �hos dss 0 �10�

be fulfilled, where

I �1��s; s 0� � 1

4p

��
r<L

�
e�r� e�s; r� e�s 0; r� dV ;

I �2��s; s 0� � 1

4p

��
r<L

�
b�s; r� b�s 0; r� dV :

0 5 10 15 20
x

4

Qext

Qext

2

0

4

2

a

b

Figure 1. Normalized scattering cross section for a dielectric ball with

refractive index n � 1:5 versus the parameter x.
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Expansions (8) and (9) are used to write the total energy of
the electromagnetic field as

1

8p

���
�eEE�HH� dV �

X
s

Ns

���
us�r� dV :

The integral of motion in the right-hand part of this
expression:

Ns � 1

2

�
1

o2
s

�
d a�s; t�

dt

�2
� a2�s; t�

�
is the number of quanta in mode s, and

us�r� � 1

8p

h
e�r� e�s; r� e�s; r� � b�s; r� b�s; r�

i
is the energy density of the electromagnetic field in which
there is one quantum per mode s. According to relations (10),
the function us�r� is normalized to �hos, so that �1=�hos� us�r� is
the probability of finding a photon in mode s at point r in
space. Thus, the local density of states of the electromagnetic
field falling within the unit frequency range about o is given
by

r�o; r� � 1

�ho

X
s

d�oÿ os� us�r� : �11�

In the right-hand side of formula (11), summation is over the
indices p, l, m introduced earlier and also over the radial
quantum number v of the system consisting of the ball and
conducting sphere. In the L!1 limit, the distance between
radial modes tends to zero, which makes it possible to pass
from the summation over u to integration:X

u

! L
pc

�
dos :

After integration of expression (11) over the frequencyos and
the angles y, f and summation over m, Ching et al. [61]
undertook a detailed analysis of the following ratios

g�x; n; x� � r�o; r�
rv�o�

; G�x; n� � rC�o�
rv�o�V

;

where

rC�o� �
�a
0

r�o; r� r 2 dr ; �12�

V � 4p
3

a3 ; rv�o� �
o2

p2 c3
; x � r

a
:

The quantity g characterizes the alteration of the local density
of states at a distance r from the center of the ball as compared
with a vacuum of infinite extent. The quantityG is the ratio of
the spectral density of states of the electromagnetic field in the
whole ball to the spectral density of states in the infinite
vacuum volume V. The graphs of g�x�, g�x� and G�x�
published in paper [61] correspond to the dependences

g�x; n; x� � n

4 x2 x2
X1
p� 0

X1
l� l

�2l� 1�
���� n1ÿ2p jl�zx�Dpl�x; n�

����2
�
�
1� l �l� 1�

z2 x2
�
�
j 0l �zx�
jl�zx�

�2�
; �13�

G�x; n� � 3 n

x2

X1
p� 0

X1
l� 1

�2l� 1�
���� n1ÿ2p jl�z�Dpl�x; n�

����2

�
�
1ÿ l �l� 1�

z2
�
�
j 0l �z�
jl�z�

�2�
: �14�

Of importance in functions g�x; n; x� (13) and G�x; n� (14) is
the factor jDpl�x; n�jÿ2 analogous to the factorDÿ1pl �x; n� in the
formula for the Mie expansion coefficient (5).

With the condition ImDpl�x; n� � 0 being fulfilled and the
quality factor of the corresponding WGM being sufficiently
high, a sharp resonance peak emerges in the dependence of rC

on x [just as in the dependenceQext�x�]. Ching et al. [61] stated
basic principles for the prediction of the resonance position
and amplitude in rC�o�. To illustrate the peculiarities of the
density of states (12), Fig. 2 compares the functions G�x; 1:4�
and Qext�x; 1:4�. It can be seen that the narrow resonance
peaks in functionsG�x; 1:4� andQext�x; 1:4� occur at the same
frequencies. Nevertheless, if the quantity Qext at a resonance
frequency is comparable with Qext at nonresonance frequen-
cies, the amplitude of G�x; n�maxima lies in the range of 40 ±
90.

That the maxima in G�x; n� actually exist by virtue of
surface WGM is shown by the following figures. Figure 3
presents the quantity g as a function of the position x inside
the droplet. The g�x� dependence allows a contribution to
G�x; n� from different parts of the droplet to be estimated
because the following relationship takes place

G�x; n� � 3

�1
0

g�x; n; x� x2 dx :

100

G

Qext

50

0

2.4

2.2

2.0

31.0 31.5 32.0 32.5
x

a

b

(0, 38)

(1, 38)

(0, 39)

(1, 39)

Figure 2. Normalized density of states G (a) and the extinction cross

section Qext (b) versus parameter x for a dielectric microball with n � 1:4.
The peaks are labeled by indices (p, l).
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It follows from Fig. 3a that the main contribution to
G�x; n� ' 90 at a resonance frequency o0; 39 comes from a
narrow area near the droplet surface, where g ' 300. At a
nonresonance frequency, however, g�x; n; x�4 3 (see Fig. 3b).

It should be noted that the parameters G and g are of the
same order of magnitude as factor (7). They can be used for
the qualitative description of the change in the probabilityAC

of spontaneous radiation in the droplet compared with the
probability Av of spontaneous radiation in a vacuum. The
factor G characterizes the ratio of the Einstein coefficients
hAC=Avi averaged over the whole droplet volume, while the
factor g characterizes the ratio AC=Av averaged over angles y
and f but not over the distance from the droplet center r. The
validity range of the model predicting a rise in AC=Av at
resonance frequencies was outlined in paper [62].

The conclusions drawn in papers [61, 62] are consistent
with the results of other studies. Chew [70, 71] reported the
derivation, in the framework of classical electrodynamics, of
formulas for the dipole radiation powers R?=R?0 and Rk=Rk0
of an atom located inside or outside a dielectric ball.
Superscripts ? and k indicate dipole oscillations normal and
parallel to the ball surface, respectively, and R0 is the
radiation power in the absence of the ball. The formulas for
the ratio of radiation powers [as well as formulas (14) and
(13)] contain factors jDpl�x; n�jÿ2. For this reason, as shown in
works [70, 71], the radiation power in droplets may increase
hundreds of times. This is possible if the dipole oscillation
frequency coincides with the WGM resonance frequency of
the dielectric ball, while the dipole itself is positioned close to
its surface. The calculation of the power ratio hR=R0i
averaged over the dipole orientation and location in the
droplet yields the same result as the calculation of hAC=Avi.

The theory of inelastic light scattering (Raman scattering
and fluorescence) in a dielectric ball has been developed by
Chew et al. [72 ± 75]. This theoretical model also makes use of
classical electrodynamics. Specifically, the molecules re-
emitting light are regarded as oscillating dipoles induced by
the incoming electric field and inserted in the ball. It has been
shown that the dipole radiation strongly depends on its
location inside a spherical particle and resonant optical
properties of the ball.

Changes in radiation characteristics of a droplet-forming
liquid can be illustrated by the following schematic diagram
[76]. Figure 4 compares the fluorescence spectra from the dye-
containing liquid and the same liquid in the form of a droplet.
For the droplet, the fluorescence efficiency at certain discrete
emission wavelengths is enhanced, whereas the fluorescence
efficiency at other wavelengths is inhibited. The resonance
position in the spectrum is strongly dependent on the droplet
structure (for instance, its size, refractive index). Hence the
termmorphology-dependent resonances [77 ± 84]. The ampli-
tude of each resonance is proportional to the resonator
quality factor, while its width is inversely proportional to Q-
factor [83, 85]. Therefore, the fluorescence efficiencies of an
optical cell and a droplet, integrated over a broad spectral
range, would be roughly equal.

Figure 4 gives a schematic illustration of the enhancement
and suppression of fluorescence efficiency. The real fluores-
cence spectrum of a dye-containing polymeric microball is
shown in Fig. 5. Structural resonances in the fluorescence
spectrum have the same origin as the sharp peaks in the Mie
light scattering spectra. These resonances result from WGM
excitation [49, 52].

Because the droplet is considered to be an optical
resonator, it is important to evaluate its quality factor which
characterizes energy dissipation from the resonator and is
defined by the following formula [47]

1

Q
� 1

o hW�t�i
�

d

dt
W�t�

�
� 2o 00

o 0
:

Here, W�t� is the energy of the electromagnetic mode,
o � o 0 � io 00 is the angular frequency, and the angular
brackets h. . .i denote averaging over the oscillation period
T � 2 p=o 0.

A characteristic equation for the mode frequency ensues
from the continuity conditions for the tangential components
of E and H at the ball surface [47]:

Dpl�x; n� � 0 : �15�

By appearance, this equation coincides with the condition of
zero denominator in the right-hand side of expressions (5),

a

b

0.2 0.4 0.6 0.8 1.0
x

300

g

g

200

100

0

3

2

1

0

Figure 3. Normalized local density of states g versus parameter x for

n � 1:4 and x � 31:7892 (which corresponds to a resonance peak with

p � 0 and l � 39) (a) and x � 31:9000 (b).

F
lu
o
re
sc
en
ce

ef
é
ci
en
cy

l

Cell

Droplet

Figure 4. Typical spectral profiles of fluorescence efficiency for an optical

cell and a droplet [76].
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(13), (14). It should be borne in mind, however, that the
parameter x in formulas (5), (13), (14) is a real quantity,
whereas it is a complex one in Eqn (15). The characteristic
equation (15) may be used to determine both the frequency of
resonance mode (o 0) and its imaginary part (o 00). Indeed, the
employment of asymptotic expressions for the Bessel and
Hankel functions yield the following formula for o [47, 53 ±
58]:

o � c

na

�
l� 1

2
ÿ �tq � Dt�b

�
: �16�

Here, tq is the qth root of the equation

Ai�tq� � 0 ; q � 1; 2; 3; . . . ; tq < 0 ;

where Ai is the Airy function, and the number q is called the
mode order or radial mode index, and in addition

Dt � n1ÿ2p
1� i exp�ÿ2T�

b
�������������
n2 ÿ 1
p ;

T �
�
l� 1

2

�
�Zÿ tanh Z� ;

�
3T

2

�2=3

4 1 ;

cosh Z � n

�
1ÿ 1

l� 1=2

�
tqb� n1ÿ2p�������������

n2 ÿ 1
p

��ÿ1
:

The formalism developed in monograph [47] allows the
main properties of WGM to be predicted. The modes are
degenerate in azimuthal mode number m which acquires
2l� 1 values �ÿl4m4 l �. The width of the layer of WGM
energy localization in the radial direction is determined by the
quantum number q and equals jtqj bl=2pn [53]. (The effective
mode volume was computed in Refs [37, 44, 53].) At x4 30,
the excitation of modes with q > 1 may be neglected (all
resonance peaks in Fig. 2 correspond to q � 1).

The theory of open resonators [47] yields an abnormally
high emission Q-factor of microdroplets. For example, it
must be of the order of 1073 at l � 0:6 mm for a drop of
water with radius 50 mm. This Q value is much greater than
typical values ofQ ' 107ÿ108 obtained in experiment [76, 85,
87].

The deviation of a droplet surface from the ideal spherical
shape must be taken into account for the correct calculation
of a Q-factor [37, 56, 88 ± 90].

A theoretical study in the framework of quantum
electrodynamics has demonstrated that surface perturba-
tions remove the azimuthal degeneracy of modes in a
multiplet [39, 88 ± 90]. The predicted effect is corroborated
by the results of measuring emission spectra from flowing
deformed droplets with high temporal and frequency resolu-
tion. Experimental studies have been designed to observe
spectra of stimulated Raman scattering (SRS) [91, 92],
fluorescence [93], and laser radiation [94]. A shift Do of the
mode frequency relative to the initial value of o was
computed for minor shape distortions, when the droplet
surface could be approximated by an ellipsoid. For an
ellipsoid showing a small deviation from an ideal sphere, the
frequency shift of each WGM is given by the following
formula [88]

Dom

o
� E

6

�
3m2

l �l� 1� ÿ 1

�
;

where E � �rpol ÿ req�=a, rpol, req are the polar and equatorial
radii, respectively, while the small parameter E is positive for a
prolate ellipsoid, and negative for an oblate one. The
frequency shift is independent of the polarization (TE or
TM), radial mode order q, and droplet radius a.

The theory suggested that the multiplet splitting may be
followed by impaired WGM quality factor. The assumption
that radiation involves all members of the multiplet in a
coherent fashion has led to a theoretical estimate of Q-factor
consistent with experimental findings. However, the theory
failed to predict the broadening of individual multiplet
components, the widths of which showed but a weak
dependence on Dom. In other words, according to Lai et al.
[88, 89], the emissionQ-factor of a deformed droplet must not
decrease upon the excitation of a solitary mode regardless of
the remaining modes of the multiplet.

A simpler model [56] used the theory of diffraction of
electromagnetic waves. A formula for the radiation quality
factor was proposed, which took into account light scattering
from inhomogeneities at the resonator surface. It was found
that thermal capillary vibrations of the droplet surface with
amplitudes of the order of 3� 10ÿ4 mm reduced Q-factor to
the values observed in experiment.

The higher the Q values, the narrower the structural
resonances in the droplet radiation spectra, since the
resonance width Dl � l=Q [83,85]. Hence, the measurement
of peak positions in emission spectra may be used to
accurately describe the droplet structure.

4. Structural analysis of droplets

Mie scattering spectra have been used to identify droplets
since the 1960s [95 ± 97]. Two approaches have been devel-
oped based on the Lorenz ±Mie theory. The early method
measures scattered light intensity as a function of scattering
angle (frequently referred to as the phase function). The other
approach, the so-called optical resonance technique, is based
on the measurements of light intensity at fixed angles and
varying x. The twomethods were compared by Ray et al. [97].
In this experiment, bothmono- andmulticomponent aerosols
were studied. In slowly evaporating droplets of radius 10 mm,
the changes of the order of 1A

�
were measured for the droplet

radius. The use of the optical resonance technique ensured
that the error in measuring the macroscopic parameter was
smaller than the molecular size. The relative measurement

15

In
te
n
si
ty
,r
el
.u

n
it
s

12

9

6

3

0
540 560 580 600 l, nm

Figure 5. Rhodamine 6G fluorescence spectrum in a polymeric particle
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error was greater for multicomponent aerosols and rapidly
evaporating droplets, amounting to 10ÿ4 in both droplet
radius and refractive index measurements.

Devarakonda et al. [98] described a method for droplet
diagnosis based on the analysis of resonance positions in
elastic and Raman light scattering spectra. The method was
applied to studying rapid evaporation of a linear stream of
monodispersed ethanol droplets. The droplet radius was
a ' 10 mm, and the distance between neighboring droplets
amounted to 40 mm. The experimental facility was used to
simultaneously measure changes of the droplet radius (D a )
and refractive index in the fluid [98]. The latter parameter
varied as evaporating droplets cooled. The fluid temperature
was determined to an accuracy of 0:25 �C.

The ratio of a measurement error D a to a was approxi-
mately 10ÿ4. In principle, the measurements could be made at
10 ms intervals. The experiment was designed in such a way
that the ethanol content in the gas surrounding the droplets
might be neglected. This condition satisfied, the measured
droplet evaporation rate in a stream turned out to be thrice
lower than the predicted evaporation rate of an individual
droplet. This differencewas attributed to interactions between
droplets in the course of evaporation. The observed effect of
interdroplet interaction was first described in paper [99].

A scheme for the computation of the size distribution
function of scattering particles based on experimental data on
multiple scattering of electromagnetic radiation has been
developed in a series of theoretical works [100 ± 103]. Weber
and Schweiger [104] described a state-of-the-art experimental
setup for the diagnosis of aerosols by photon correlation
spectroscopy. This apparatus enables researchers to simulta-
neously measure the local size, concentration, and velocity of
travel of submicron particles.

According to Holt and Crum [105], a Mie scattering
diagram may also be used in experimental studies of
spherical cavities in a fluid. This means that the precise
optical diagnostics is applicable to cavitation studies too
[106 ± 108].

A diagnostic technique based on the measurement of
droplet fluorescence spectra has been proposed by Benner et
al. [79]. Their paper gave incentive to a series of experiments
with fluorescent dye added to droplets [80, 109 ± 112].
Rhodamine at a relative concentration of 10ÿ4 was most
frequently used for the purpose. In early experiments, the
growth and evaporation rates of ethanol droplets with radius
30 mm were determined [109]. A simple relationship

D a

a
� D l

l
; �17�

was employed in measurements, which describes the depen-
dence of the structural resonance wavelength on the radius a.
Equality (17) is applicable provided the droplet's temperature
and chemical composition remain unaltered.

The use of relationship (17) in experiment [109] allowed
changesDawithin 0.7 nm to be determined for a linear stream
of monodispersed droplets. The droplet evaporation rate was
found to equal 25 mm sÿ1. The relative measurement error
was estimated as

D a

a
� 2� 10ÿ5 :

Further improvement of the fluorescence technique
facilitated the observation of more complicated effects. In
Ref. [113], the time dependences of spectral characteristics

were used to study damped oscillations of ethanol droplets
with a � 20 mm. Surface oscillations were induced by droplet
irradiation with laser pulses having an energy of 0.15 mJ.
Oscillation amplitude amounted to 5� 10ÿ4 a. The fluores-
cence spectra obtained in the study allowed the determination
of the surface tension and ethanol fluid viscosity for separate
droplets.

5. Lasing in droplets

In fluorescence studies of dye-containing droplets, the pump
radiation intensity varied over a broad range. It was found
that a rise in pumping intensity led to a nonlinear increase of
radiation efficiency at definiteWGM frequencies and concur-
rent narrowing of radiation lines [114, 115]. A typical pattern
of the emission process nonlinear in the pump radiation
intensity is depicted in Fig. 6. The figure shows that the effect
of stimulated emission is superimposed on that of the
enhanced Einstein coefficient A [14]. When stimulated
emission prevails over spontaneous, the optical process is
referred to as lasing. In other words, under certain conditions,
a droplet can be regarded as a whispering-gallery-mode laser
[87].

The lasing threshold in a droplet was first observed by
Tzeng et al. [114]. In this experiment, the individual ethanol
droplets around 60 mm in diameter were subjected to
continuous radiation from an Ar+ laser at l � 514:5 mm.
The incident laser intensity Pwas focused onto a 200-mm spot
and gradually increased from 10ÿ4 to 1 W. It turned out that
the lasing threshold was reached at P � 10ÿ2 W. It may be
concluded that nonlinear optical processes can be observed at
low pump intensities due to the small droplet size and high Q
values.

6. Stimulated Raman light scattering

Lasing is not the sole nonlinear optical process observed in
experiment. A large number of publications concern Raman
scattering (RS) of light in droplets. Studies along this line
were initiated in the late 1960s in response to the advance of
cell biology and investigations into atmospheric aerosols.
References to the early works can be found in paper [72].
The pioneering studies reported by Bykovski|̄ et al. [116, 117]
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Figure 6. Three typical emission spectra of rhodamine contained in 14-mm
diameter ethanol droplets pumped by an Ar+ laser at 514.5 nm [115]. The

laser pump intensity was increased by a factor of 1.5 for each new

spectrum.

October, 2001 Optics of microdroplets 1067



resulted in the discovery of RS from shape oscillations of
liquid spherical particles.

In one of the first works, Raman spectroscopywas used to
study microparticle behavior on a substrate [118]. Ten years
later optical levitation of microparticles was proposed [119 ±
122], i.e. a method for optical fixation of particles with the aid
of a light field. First, a RS spectrum from isolated glass
microbeads was recorded [119, 120]. Thereafter, Raman
spectra of optically levitated droplets of water:glycerol
mixtures were investigated [121]. In Ref. [122], spontaneous
Raman scattering spectra from droplets of dioctyl phthalate,
a phthalic acid ether, were compared with the corresponding
spectra from bulk samples.

Another technique consists in electrodynamic suspension
of droplets [123 ± 127], which may require the computation of
shape oscillations of the charged liquid sphere. This problem
was first considered by Rayleigh [128]. Its present-day
solution has been offered by Feng and Beard [129].

The investigation of droplet streams in addition to that of
separate suspended droplets has been extensively carried out
since 1984 [130 ± 136].

Taking into account the known features of RS in droplets,
the following areas of research can be distinguished as most
promising: comparison of resonance structure in elastic and
Raman light scattering spectra [72, 75, 98, 137 ± 140];
competition between lasing and RS [141] including suppres-
sion of the former by stimulated RS [142]; SRS investigation
[91, 130, 136, 143 ± 151] including the observation of coherent
anti-Stokes RS [134, 52], stimulated anti-Stokes RS, and
stimulated resonant RS [154]; high-order SRS [134, 155 ±
157]; stimulated Brillouin scattering [149, 157 ± 160], and
third harmonic generation in droplets [161, 162].

In experimental studies [127, 163], SRS from optical cells
was compared with light oscillations at the Stokes frequency
in microdroplets. Naturally, the mechanisms of Raman light
scattering in both systems were identical. The difference was
reduced to a much higher efficiency of nonlinear processes in
the droplets [150]. In a qualitative interpretation, a droplet
was considered to be a lens enhancing incident radiation
intensity and a resonator providing optical feedback [164]. By
virtue of the above features, the number of Stokes lines in the
RS spectrum from a droplet is significantly higher than in the
case of light scattering from an ordinary fluid. That is, only
first-order Stokes lines are usually observable in optical cells.
It is argued by Qian et al. [163] that the authors of a droplet
experiment [165] observed Stokes radiation of up to the
seventeenth order. A detailed kinetic description of the
sequential excitation of high-order Stokes radiation can be
found in Refs [155 ± 157].

The high efficiency of Raman scattering in droplets was
used as a tool for the development of relevant diagnostic
techniques. Carls et al. [166] evaluated the possibility of
employing time-resolved Raman spectroscopy for studying
chemical reactions in aerosol microdroplets. As a test
reaction, the absorption of D2O vapor by optically levitated
glycerol droplets was examined. By comparing the relative
amplitudes of various RS spectral components, the composi-
tion of the suspended droplets was estimated as a function of
time. Specifically, the number ratio of ±OD bonds in D2O
molecules to ±CH bonds in glycerol system was deduced. In
addition, the average temperature of optically levitated
droplets in this system is liable to measure.

Acker et al. [167] employed SRS phenomenon for
diagnostics of fuel spraying in diesel engines. The authors

demonstrated the possibility of determining both the size and
the chemical composition of the droplets produced as the fuel
blends were sprayed. In order to better illustrate the applic-
ability of diagnostic methods with which to analyze combus-
tion processes, color photography was used to portray
aerosols and obtain photographs of the fuel sprays with the
aid of green and red optical filters. (The illumination source
for a stream of droplets was the second harmonic output of a
neodymium laser with l � 532 nm and a pump intensity of
around 1GWcmÿ2.) Itwas shown that various constituents of
the aerosol such as liquid sheets and ligaments, large and small
microdroplets, and fuel vapors contributed to the green light
produced by elastic scattering of incident radiation [76].At the
same time, only large microdroplets with a > 20 mm gave rise
to red scattered radiation due to SRS effect in droplets with a
sufficiently high quality factor.

Figure 7 shows SRS spectra from individual microdro-
plets (a ' 45 mm) of various fuels, measured in a monodis-
persed stream produced by a Berglund ±Liu generator based
on a fluid spraying away through the vibrating orifice. The
SRS spectra clearly demonstrate the presence of a cyclic mode
of the toluene carbon ring with a frequency around 1000 cmÿ1

and the modes of pentane stretching vibrations with frequen-
cies close to 2900 cmÿ1. It may be concluded that the analysis
of intensities of stimulated Raman scattering with different
frequency shifts may be used to determine the relative
concentrations of toluene and pentane in droplets.
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By using optical methods to study combustion, it is also
possible to measure flame temperature. For example, paper
[168] describes an installation diagram for measuring the
local temperature distribution near a stream of droplets from
the parameters of coherent anti-Stokes scattering of light in
the flame of burning methanol droplets.

In Refs [123 ± 127], Raman scattering of light was used for
examining the droplets of aqueous solutions of inorganic
salts, such as sulfates and nitrates. Examination with a high-
resolution monochromator revealed fine-structure spectral
responses suggesting phase transitions in droplets of super-
saturated fluids and the influence of cations on the anions'
Raman spectra. This approach is interesting in that it allowed
one to avoid the effects of the container's walls and impurities
on the phase transition kinetics and thus achieve an extremely
high degree of supersaturation in the solution droplets. Due
to this, the interaction between the cations and anions gave
rise to new spectral lines of radiating molecules, which had
not been observed earlier either in volumetric solutions or
bulk crystalline samples [127]. The crystal phase produced in
a droplet differed from the phase that came to form in bulky
solution [169, 170].

Vehring et al. [170] described a method for the analysis of
the chemical composition of air-borne particles from RS
spectra. The experimental setup allowed impurities with a
mass of nearly 10ÿ10 g to be detected in a microparticle from
1 to 10 mm in diameter. With an impurity content in excess of
10 pg, the authors of Ref. [170] were able not only to identify
molecular lines but measure intermolecular interaction forces
as well. Specifically, they managed to determine the type of
crystalline phase arising in microparticles of a supersaturated
sodium sulfate aqueous solution.

Schweiger [171] did a review of experimental studies
reporting the use of RS for microparticle diagnostics, which
were published before 1990. The review can be added by
references to more recent experiments with inorganic [139,
169, 172 ± 175] and organic [176 ± 188] microparticles and to
investigations into chemical processes in suspended droplets
[189 ± 195].

The so-called input and output resonances make a
characteristic feature of fluorescence and RS spectra in
droplets [65, 80, 139, 140, 178, 184, 196 ± 198]. It is especially
well apparent in the measurement of the time dependence of
RS spectra from isolated droplets undergoing evaporation.
Output resonances occur if condition (16) for the scattered
light frequency is satisfied. Evaporation causes a decrease of
the droplet diameter and a shift of structural resonance in the
RS spectrum towards its shorter wavelength edge. At a
constant evaporation rate, the time dependence of the
scattered-light resonance frequency shift Dn in a Cartesian
coordinate system (t, Dn) has the form of parallel slant lines
[184].

Input resonances are induced if condition (16) for the
incident light frequency is fulfilled, leading to an increase of
energy density in the droplet and a proportional rise in the RS
cross section. Taken together, these changes result in an
enhancement of RS efficiency over the entire frequency
range. This explains why the time dependence Dn�t� is
depicted by vertical lines in a Cartesian coordinate system
[184]. Input resonances are responsible for well-apparent
narrow peaks in the frequency dependence of the RS cross
section integrated over a wide frequency interval. Also, the
majority of input resonances are observed in the elastic light
scattering spectrum. However, some input resonances in the

Mie scattering spectrum are liable to reduce owing to the light
pressure that acts on the droplet [199].

In paper [184], Raman and elastic scattering of light was
examined in an inhomogeneous droplet composed of two
immiscible fluidsÐ a glycerol core and a thin surface layer of
dioctyl phthalate. The optical diagnostic technique employed
in Ref. [184] demonstrated that the core of the droplet
evaporated quicker than a homogeneous glycerol droplet. A
similar result was obtained in an earlier work [200] based on
the measurements of the Mie scattering cross section. Also,
elastic scattering of light by a two-layer sphere was documen-
ted in work [201]. The resonant scattering technique was
applied to study spectra of suspended microparticles with the
shell as thin as a few nanometers [202, 203]. The properties of
structural resonances in internal and scattered light intensities
in coated spheres were considered in Refs [204 ± 206]. All
these studies were liable to use a theoretical model [207] which
extended the Lorenz ±Mie theory to the light scattering in a
double-layer sphere.

In research studies [182,198], inhomogeneous droplets
were produced by doping a fluid with polymeric spherical
particles with a radius of a few tens of nanometers. These
added particles caused additional scattering of light in the
fluid and resulted in a significant alteration of the droplets'
radiative properties. Specifically, new resonance lines were
observed to appear in the fluorescence [198] and Raman [182]
scattering spectra, induced by the excitation of lower-Q
modes of higher orders.

7. Altered rates of physicochemical processes

Changes of the Einstein coefficients for spontaneous radia-
tion are not the sole effect illustrating the relationship
between the process rate and density of photon states. Other
physical anomalies can also be expected to occur in droplets.
At present, it is known that the rate of energy transfer between
dye molecules immersed in a droplet may increase [66, 208 ±
211]. A study reported in Ref. [208] demonstrated that the
energy transfer between donor and acceptor dye molecules in
a droplet is due to the presence of optical WGM if the
molecular concentration is low and no ordinary radiationless
diffusion of excitation occurs. The experimental findings
found a fairly convincing theoretical explanation in paper
[210] which considers the process as going through two stages.
At the first stage, donor dye molecules emit light into
whispering gallery modes. The second step involves absorp-
tion of light circulating inside the droplet by acceptor
molecules.

Formalism developed in work [61] permits the examina-
tion of changes in spectral density of thermal radiation
S�o;T� emitted by microdroplets in equilibrium with the
surrounding medium. Indeed, the quantity S�o;T� (defined
as the energy radiated into a unit interval of frequency o at
ball temperature T) is proportional to the density of states
(12):

S�o;T� � rC�o�W�o;T� ; �18�

where the average energyW�o;T� of the mode is given by the
Planck distribution

W�o;T� � �ho
�
exp

�ho
kBT
ÿ 1

�ÿ1
:
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Here kB is the Boltzmann constant. The ratio ofS�o;T� to the
Planck radiation density of a blackbody of volume V, viz.

SP�o;T� � rv�o�VW�o;T� ;

is given by

S�o;T�
SP�o;T� � G�x; n� :

It follows from Fig. 2 that the factor G as a function of xmay
exhibit sharp peaks with an amplitude of up to 100.

A theoretical consideration of the thermal radiation
transfer in a microdroplet was presented by Lange and
Schweiger [212]. The model is based on a RS theory in which
the intensity of the dipole radiation in a dielectric ball is
computed in the framework of classical electrodynamics [72 ±
74]. According to the authors of paper [212], the thermal
radiation from a ball is produced by an assemblage of cells
into which it can be divided, each emitting dipole radiation.
The radiated power of an individual cell PP�r;o=c� was
averaged over dipole orientations. Light absorption by the
ball was allowed for by reference to the imaginary part of its
refractive index. Lange and Schweiger [212] first considered
the properties of a microdroplet with the dipole oscillation
amplitude being unrelated to the dipole location inside the
droplet, i.e. at constant T. It was shown that this approxima-
tion led to the rederivation of Kirchhoff's law in accordance
with which the thermal radiation power of a body in thermal
equilibrium is equal to the radiation power absorbed by this
body. Thereafter, the model was generalized to the case of an
arbitrary temperature distribution. It predicted anomalous
dependences of both the amplitude and angular distribution
of thermal radiation, arising from WGM excitation. To be
exact, a periodic structure induced by the ball's action as a
resonator was superimposed on the Planck distribution of
thermal radiation power. In particular, in the dependence of
PP on the wave number k � o=c in the center of the particle
(r � 0), equidistant maxima were visible produced by the
excitation of radial standing waves of TE polarization. The
distance between two adjacent maxima was approximately
p=a. In the vicinity of the droplet's surface (r5 0:8a), a
periodic structure was caused by an excitation of WGM. At
r � 0:4a, neither WGM nor radial standing waves were
excited and could therefore be neglected. Under these
conditions, the dependence Pp�o; k� did not significantly
deviate from the Planck distribution.

Gel'mukhanov and Shalagin [213] theoretically predicted
the phenomenon of light-induced diffusion (LID) of gases,
consisting in that a gas showing resonance absorption upon
the transition from the ground state can travel with a
macroscopic speed in the direction of a light beam or against
it. LID is known to take place only in a traveling wave field; it
does not occur in a standing wave field [213 ± 215]. However,
this observation appears to be true of homogeneous systems
alone. In inhomogeneous systems, LIDmust manifest itself in
a nontrivial way. A study of light scattering from droplets
irradiated in a gas mixture has shown [216] that it can be
regarded as a conversion of the standing wave field to
traveling waves propagating apart from the droplet. Such
waves can trigger a light-inducedmolecular drift which can be
oriented either towards the droplet or in the opposite
direction by frequency tuning. The light-induced growth
(evaporation) of the droplets is described by a system of

equations for LID taking into consideration spatial inhomo-
geneity and diffusion flows [213 ± 215]. A very complicated
solution of this system was found in paper [216]; it includes
numerical estimates of the light-induced droplet growth rate.
For example, it is demonstrated that, owing to LID, the
droplets of approximately 10 mm in size, spaced at 1 mm, can
absorb all vapor for 0.1 ± 1 s. Light frequency tuning can
entail light-induced evaporation of droplets leading to their
stationary distribution by size due to enhanced vapor tension.
Thus, the light-induced instability of droplets in the standing
wave field offers a unique opportunity to control their growth
or evaporation.

8. Hierarchy of processes inherent in droplet
irradiation by high-intense light

Hsieh et al. [217] reviewed the results of experiments in which
changes in droplet emissive properties were measured as the
incident radiation intensity gradually increased to well above
the lasing threshold. These experiments were conducted on
rhodamine-doped ethanol droplets with a radius of 35 mm,
produced with a Berglund ± Liu aerosol generator. The
illumination source was designed around the second-harmo-
nic output of a Q-switched neodymium laser (l � 532 nm).
The intensity of light pulses of about 15-ns duration increased
from 100 MW cmÿ2 to 6 GW cmÿ2.

It was known that the lasing threshold was achievable at a
pump intensity of 0.5 W cmÿ2 using continuous radiation
from an Ar+ laser [114], and at 104 W cmÿ2 when the second
harmonic of a pulsed Nd laser was used as the illumination
source [87]. Droplets emitted laser radiation within a broad
range of pulse pumping intensities (from 1 to 100MW cmÿ2).
The radiation spectra exhibited several clusters of equidistant
narrow peaks, which suggested lasing onWGMwith different
indices p, l, q [see Fig. 6 and Eqn (16)].

As the pump intensity increased to 100 MW cmÿ2 and
above, broadened peaks of induced radiation in WGM could
be observed. Simultaneously, sharp peaks related to the
droplet structure disappeared from the spectra. Such broad
laser radiation spectra were attributable to the saturation of
lasing on WGM with high Q. In parallel, lasing on lower-Q
WGM was initiated. It was suggested in paper [218] that the
broadening of individual peaks of stimulated radiation might
be due to the relationship between the light intensity and
refractive index in a fluid. As a result, the laser radiation field
inside a droplet may cause a change of oscillation phase with
time.

A pumping intensity above 500 MW cmÿ2 resulted in the
appearance of stimulated Raman scattering of light. This
process shows strong dependence on the droplet-forming
fluid and dissolved impurities it contains. SRS as a channel
of incident radiation energy dissipation may compete against
lasing in droplets [142, 154].

At a pumping light intensity close to 6GWcmÿ2, a plasma
torch arose outside the shadow face of the droplet. The torch
was as long as a few diameters of the droplet. Both the droplet
and the plasma torch contributed to continuous radiation
which was generated by virtue of recombination processes
and radiative transitions between energy levels of electrons,
ionized atoms, and electronically excited molecules. Discrete
emission lines of atomic hydrogen (Ha, Hb), oxygen and
nitrogen ions (O II, N II) were superimposed on the contin-
uous spectrum due to laser-induced ethanol and air decom-
position. The formation of electrons, ionized atoms, and
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excited molecular states in the plasma torch outside the
shadow face of the droplet was initiated by the processes of
multiphoton absorption and cascade collisional ionization
inside the droplet. The particles thus formed were expelled
from the droplet in the direction of the laser beam (by a shock
wave or light-supported detonation wave) and later caused an
air breakdown behind the droplet's shadow face. Some
experimenters were able to observe a plasma torch of lesser
size in front of the illuminated side of the droplet.

A series of experiments were designed to study specific
effects of high-intense laser radiation on the droplets. For
example, Zhang and Chang [219] described conditions in
which the force of electrostriction associated with laser
irradiation of a droplet was comparable with surface tension
forces. Due to this, the droplet assumed the form of a cylinder
or ejected a droplet of a smaller radius. Laser-induced
breakdown and detonation waves in droplets were studied
in experiments [220 ± 226], and explosive vaporization of
transparent droplets in papers [227 ± 232].

9. Conclusions

The Mie scattering spectrum of a spherical particle contains
resonance electromagnetic modes (the electromagnetic field
in a ball is considerably different from that in a homogeneous
medium). This accounts for a significant change in the rate of
optical processes and may be regarded as the resonance
interaction of emitting atoms and molecules with dielectric
particles. Indeed, at certain discrete values of the radius of a
ball, the probability of spontaneous emission by an excited
atom located close to its surface tends to increase by several
orders of magnitude. The same is true of other optical
processes including nonlinear ones. It is important that,
first, microdroplets are characterized by very high quality
factors and, second, WGM-filled volumes are small. The
combination of these two factors makes it possible to achieve
the thresholds of nonlinear optical phenomena at low pump
intensities. This explains why the recent years have witnessed
so many new optical effects, which it was the aim of the
present review to consider.
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