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may be taken as constants. When a normal time-
independent projection operator acts on a current
the expansion is

PkJk ~AK[Cy+D k2 +D k% +..].

Although in the limit 2~ 0 these two expressions
become identical, for k# 0 they differ and this
difference ultimately leads to terms that are the
same order of magnitude as those given by Eq. (6)
of this Letter.

(7) For a dilute gas the present authors!® pre-
viously computed the structure factor, for the
case of a steady thermal gradient, using a fluctu-
ating kinetic equation. Although the formalism
presented there is correct and equivalent to the
one presented here, the value of the coefficient y
is incorrect. The correct value, valid for all
densities is given in Eq. (6) here. The bilinear
term mentioned in that Letter defines, in kinectic
theory, the new eigenvalue problem discussed in
this paper in a hydrodynamic context.

We are much indebted to Dr. J. Dufty and
Dr. Y. Kan for checking some of our calculations
and to them as well as to Dr. H. Z. Cummins for
stimulating discussions. This work was supported
in part by the National Science Foundation.

7, Kirkpatrick, E. G. D. Cohen, and J. R. Dorfman,

to be published.

’D. Ronis, I. Procaccia, and I. Oppenheim, Phys.
Rev. A 19, 1324 (1979).

3J. Machta, I. Oppenheim, and I. Procaccia, Phys.
Rev. Lett. 42, 1368 (1979).

‘R. Edwards, J. Angus, M. French, and J. Dunning,
J. App. Phys. 42, 837 (1971).

5Usually, p(R) is set equal to 1 inside the scattering
volume and 0 outside. However, in actual experimen-
tal situations the function p(R) may be better repre-
sented by Gaussian functions (see Ref. 4), to which we
restrict ourselves in this Letter. N

éThe importance of the spatial variation of p(R) in
nonequilibrium has been discussed previously (see
Ref. 4) in a different context, i.e., the scattering of
light by noninteracting Brownian particles in a fluid
with a parabolic velocity field.

™. H. Ernst, E. Hauge, and J. M. J. van Leeuwen,
J. Stat. Phys. 15, 23 (1976).

M. H. Ernst and J. R. Dorfman, J. Stat. Phys. 12,
311 (1975).

*We note that our Eqs. (2)—(4) can be obtained from
the fluctuating hydrodynamical equations given by
Keizer |J. Keizer, Phys. Fluids 21, 198 (1978)].

197, Kadanoff and J. Swift, J. Phys. Rev. 166, 89
(1968).

UThis was also noted by D. Ronis (private communica-
tion).

123, Dufty, Phys. Rev. A 13, 2299 (1976).

137, Kirkpatrick, E. G. D. Cohen, and J. R. Dorfman,
Phys. Rev. Lett. 42, 862 (1979).

Observation of Structure Resonances in the Fluorescence Spectra from Microspheres
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Sharp intensity peaks are observed in the fluorescence spectra from dye-impregnated
single polystyrene microspheres which are not seen in the spectra from bulk material.
The resonant peaks are shown to correspond to the natural modes of oscillation of a di-
electric sphere, and excellent correlation is found between experimental and theoretically
predicted spectra. The results can be applied to the interpretation of inelastic emission
(fluorescence and Raman) spectra obtained for the chemical speciation of aerosols and

particulates.

A dielectric sphere possesses natural modes
of oscillation at characteristic frequencies corre-
sponding to specific size-to-wavelength ratios.
These structure resonances have been studied
both theoretically and experimentally in the mi-
crowave range'’ > and more recently in the optical
range.*”° In all of these studies, the emphases
have been on structure-resonance effects result-
ing from external excitation, usually by plane
waves. The elastic absorption and scattering
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efficiencies and the optical levitation force are
all known to be enhanced when the incident wave-
length is commensurate with the natural modes
of oscillation of the sphere.’”® Recent theoretical
work™ ? has predicted the existence of structure
resonances in the inelastic emission.

We report the first experimental observation of
structure resonances resulting from the internal
emission of inelastic radiation by fluorescing
molecules embedded in a microsphere. Sharp in-
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tensity peaks are measured in the fluorescence
spectra from a single dye-impregnated polysty-
rene sphere which are not seen in the spectra
from bulk material. Knowledge of structure res-
onances excited by internal sources has applica~-
tion to chemical speciation of molecules embed-
ded in particulates by inelastic light-scattering
spectroscopy’™? (fluorescence or Raman).

The eigenvalue equations for the natural reso-
nant frequencies of dielectric spheres in homo-
geneous surroundings are well known.!° For the
transverse electric (TE) modes, continuity of
the tangential electric and magnetic fields at the
interface for a certain natural mode number n
requires that

lmxjymx)]’ _lxh, ™ ()]’ 1)
]n(WZX) hn(l) (X) ’

where m is the ratio of the refractive index of
the sphere to that of the surrounding medium.
The size parameter x is ka (2 =27/)x, where A is
the wavelength in the surrounding medium and a
is the radius of the sphere) and j,(x) and z,% (x)
are the spherical Bessel function and spherical
Hankel function of the first kind, respectively.
The prime denotes differentiation with respect
to the argument. The transcendental equation
[Eq. (1)] is satisfied only by a discrete set of
characteristic values of the size parameter, x, g,
corresponding to the sth root for each n.

For the transverse magnetic (TM) modes, the
continuity of the tangential fields requires that

[nj,omx)]’ _[xn,® ()] @)
m%,mx) AP k)

Again, a discrete set of x,, ; values satisfies this
transcendental equation |Eq. (2)].

The natural resonant frequencies associated
with the TE, ; and TM, ; modes are

wn,szxn,s/a(UG)”z’ (3)

where u is the permeability and € the permittivity
of the surrounding lossless medium. Thus, Egs.
(1) and (2) define the complex frequencies at
which a dielectric sphere will resonate in one of
its natural modes.

For a plane wave incident on a dielectric
sphere, the elastically scattered field can be
written as an expansion of vector spherical wave
functions with coefficients @, and b,.'° The scat-
tered field becomes infinite at complex frequen-
cies w, ; corresponding to the complex size pa-
rameters x, ; at which a, and b, become infinite.
Resonances caused by the a, coefficient occur at
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the precise frequencies corresponding to the
TE,,, natural modes specified by Eq. (1). Simi-
larly, resonances of the b, coefficient are asso-
ciated with the TM, , natural modes as specified
by Eq. (2).

For real frequency excitation, neither the am-
plitudes of the a, and b, coefficients nor the natu-
ral modes of the sphere associated with Egs. (1)
and (2) can have infinite amplitude. However,
sharp finite-amplitude resonances do occur.
These resonances are of current theoretical in-
terest* ® and have been experimentally verified
at optical wavelengths® with micrometer-sized
spheres. While previous experiments probe the
structure resonances with external excitation,
internal sources emitting at a discrete frequency
or over a range of optical frequencies different
from the incident radiation frequency can also
excite the natural modes of the sphere defined by
Egs. (1) and (2). Specifically, the spectrally
broad inelastic reemission from fluorescent
molecules within a sphere can induce natural-
mode resonances. The fluorescent wavelengths
which induce the natural modes shouls be pre-
dictable from the well-known solutions for exter-
nal excitation by plane waves, i.e., the resonanc-
es of the a, and b, coefficients with the size pa-
rameter x set equal to that for the fluorescence
wavelength in the surrounding medium.

To obtain experimental data on the wavelength
dependence of fluorescence from microspheres,
nominally monodispersed polystyrene spheres
having diameters of 9.92 um (2% standard devia-
tion) and containing a volume-distributed fluo-
rescing dye were suspended in water and illumi-
nated by an Ar laser operating at 457.9 nm., As
indicated in Fig. 1, the fluorescence from the
suspension was collected perpendicular to the
excitation beam by a lens of /1.2 and imaged
onto the entrance slit of an optical multichannel
analyzer (OMA) consisting of a self-induced-
transparency vidicon camera (OMA II from PAR)
positioned at the focal plane of a 1-m, single,
concave, holographic grating spectrograph. A
wavelength-dispersed range of approximately 20
nm of the fluorescence spectrum was recorded
simultaneously on one axis of the 512X 512-ele-
ment vidicon detector array. The other axis
provided spatial resolution of the laser track
within the sample cell. Consequently, using the
OMA approach, it was possible to isolate the
fluorescence from a single microparticle by scan-
ning only a selected portion of the vidicon array
corresponding to the particle’s position within
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FIG. 1. Schematic representation of the multichannel spectrograph system used to monitor simultaneously a 20-
nm wavelength range of the fluorescence emission from a single microsphere suspended in a fluid.

the laser track, and simultaneously to monitor
the particle’s wavelength-dispersed fluorescence
profile as it floated into and out of the excitation
beam. In contrast to the featureless, broadband
fluorescence intensity profile expected from a
bulk solution of dye molecules, Fig. 2 shows
fluorescence data for three different micro-
spheres contained within a suspension of 9.92-
pm-diam particles (n =1.195) in water. Although
a resonance pattern with similar structure is ob-
served in each of the spectra, slight variations
in particle size cause the fluorescence peaks for
individual spheres to be shifted in wavelength.
Consequently, fluorescende spectra must be col-
lected from single particles since those from a
distribution of even nominally monodispersed
spheres will contain a wide variation in the posi-
tions of structure resonances in the fluorescence
emission and approach the featureless spectra

of the bulk dye solution with increasing number
of particles.

The observation of structure resonances in the
fluorescence is not restricted to isolated spheres
in homogeneous surroundings. We have observed
similar effects in the fluorescence emission of
spherical particles deposited on a hemicylindri-
cal AL, O, prism using both plane and evanescent
wave excitation.'t

The principal advantage of collecting data from
suspended particles is that comparison with theo-
retical results is possible. Elastic scattering
calculations have been made for d =2a =9.92 ptm
and m =1.195, corresponding to the experimental

data shown in Fig. 2. Specifically, the extinction
efficiency'? has been calculated over the range

of the experimentally obtained fluorescence spec-
tra. The calculated extinction efficiency is shown
in Fig. 3, curve a, along with the observed fluo-
rescence spectrum, Fig. 3, curve b, [same as
Fig. 2, curve a]. Although the correspondence
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FIG. 2. Fluorescence spectra for three particles
from a nominal monodispersion of 9.92-um polystyrene
spheres.
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between Fig. 3, curves a and b, appears to be
poor, shifting the calculated curve approximate-
ly 4 nm to the right [Fig. 3, curve c¢] results in a
much improved fit between the experimental and
theoretical results. Shifting the theoretical curve
along the wavelength scale by 4 nm corresponds
to a change ind of 0.07 pm, i.e., Fig. 3, curve
c, is the theoretical result for a 9.99-um sphere,
implying that the sphere from which the fluores-
cence spectrum [Fig. 3, curve b] was obtained
hadd =9.99 um, rather thand =9.92 um. The
fractional variation from the nominal size is well
within the 2% standard deviation quoted by the
particle manufacturer.’®* We note that the theo-
retical curve could also be shifted by varying the
refractive index in the calculation. However, a
change in the refractive index from that of pure
polystyrene, resulting from anomalous disper-
sion associated with the absorption of the dye
molecules, is unlikely when we consider the low
dye concentrations in the spheres.
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FIG. 3. Fluorescence spectra from a single polysty-
rene sphere in water. Curve a, theoretical result for
a 9.92-um sphere; curve b, the experimental result;

and curve ¢, the theoretical result for a 9.99-um sphere.

The resonant peaks in curves b and ¢ are identified by
their mode numbers.
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Extensive numerical studies®’ ® have shown that
for a givenn, the s =1 root results in the narrow-
est resonances, with the width of the resonances
increasing as s increases. The resolution of the
calculated curves in Fig. 3 suppresses the nar-
row first- and second-order resonances (s =1
and 2) and shows only the third-order resonances®
(s =3). The higher-order resonances are so
broad that they are lost in the background. The
resonances alternate with increasing wavelength
between TE, ; and TM,, ; modes. For x >1, the
incremental spacing between successive TE or
TM peaks has been shown®'® to be constant when
plotted as a function of x. This implies that when
plotted as a function of wavelength, as in Fig. 3,
the resonance spacing increases with increasing
wavelength. In fact, the spacing varies continu-
ously and this feature greatly facilitates the un-
ambiguous fitting of theoretical to experimental
results. We conclude that the natural modes of
a sphere can be excited by internal sources and
the structure resonances in the fluorescence are
the same as when the sphere is excited by an in-
cident plane wave at the fluorescence wavelength.
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