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We discovered that the far-field light scattering spectra of microparticles over wavenumber at a certain
angle could be decomposed into periodic components, with an oscillation frequency linearly dependent on the
particle size at each angle. Based on this observation, we propose and experimentally demonstrate a new
Fourier transform technique for microparticle size determination. This technique is simple, fast, robust in
its data processing algorithm, and flexible in its detection system. © 2007 Optical Society of America

OCIS codes: 290.5850, 300.6300.

Elastic light scattering has been used for efficient
and accurate measurement of the geometrical prop-
erties (size, distribution, concentration, etc.) of micro-
particles, which is essential for many biomedical
applications, including early cancer detection,’ cellu-
lar morphology exploration,” and bacteria size
determination.? Analyzing the angular scattering
pa1;1:erns2’4 and spectral scattering patterns5’6 are two
primary techniques for microparticle characteriza-
tion using light scattering techniques.

At present, most of those methods based on light
scattering spectroscopy are being investigated in a
backscattering geometry, since it has been shown
that the spectrum over wavenumber (1/\, with \ be-
ing the wavelength) of backscattered light has a pe-
riodic component with an oscillation frequency pro-
portional to the particle size.” However, certain data
fitting algorithms based on lookup tables are still re-
quired, which can be quite time consuming.

In this Letter we report observation of periodicity
that exists in the scattering spectrum at any angle
and, additionally, that the spectrum can be decom-
posed into many components with different oscilla-
tion frequencies, each with linear dependence on the
particle size. For most angles there is one oscillatory
component predominant over the others, which we
call the “major” oscillatory component. The Fourier
transform is used to separate these oscillatory com-
ponents. By isolating the regime of the major oscilla-
tion in the Fourier domain and inversely mapping
the position of the peak in the Fourier domain (corre-
sponding to the oscillation frequency) to the particle
size, we developed a simple and fast particle sizing
technique with a robust data processing algorithm
and a flexible detection system.

The scattering spectrum of a spherical particle can
be calculated analytically by using Mie theory.7 Con-
sider a dielectric sphere of diameter d and refractive
index n; in a surrounding medium of refractive index
ng. For a nonpolarized plane wave of intensity /;, and
wavelength \ (defined in vacuum) incident on this
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particle, the far-field scattering intensity I, at scat-
tering angle 6 can be expressed® as
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Here r is the distance from the scatterer to the detec-
tor, and S; and S,, obtained via Mie calculations, are
scattering amplitudes for polarizations perpendicular
and parallel to the scattering plane, respectively.
They are dependent on the scattering angle 6, a di-
mensionless size parameter x=nywd/\, and the re-
fractive index ratio m=n/n,.

In this Letter we investigate the scattering spectra
of polystyrene suspensions, i.e., dielectric micro-
spheres (n;=1.59) in water (ny=1.33). Figure 1(a)
shows the calculated spectra over wavenumber 1/\
for suspensions of 10 um (diameter) particles at scat-
tering angles of 10°, 30°, and 60°, with unpolarized
incident light. In each spectrum there exists an eas-
ily observable ripple. It has been shown that the os-
cillation of this ripple, which is generated by the com-
bined effects of diffraction and resonance in the
dielectric spheres, is periodic.” Furthermore, aside
from the prominent major ripple, there are more os-
cillatory components: a slow background oscillation
and higher-order ripples with fast oscillations. Note
that in Eq. (1) the particle diameter d is tied to wave-
number 1/N by multiplication into a dimensionless
size parameter, x=nqomd/\. This implies that the os-
cillation frequencies are proportional to the particle
size. Figure 1(b) illustrates such linear relationships.
The Fourier transforms of downshifted spectra (to
annihilate the dc offset) versus 1/N (0.001
—0.0025 nm™1) are plotted for particle sizes in a range
from 5 to 20 um. The major ripple corresponds to the
bright straight line, while the background oscillation
and higher-order ripples generate other observable
straight lines.
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Fig. 1. (a) Calculated scattering spectra as a function of

wavenumber 1/\ at different scattering angles for 10 um
polystyrene particles. (b) Linear evolution of Fourier trans-
form of spectrum over 1\ with increasing particle size, scat-
tering angle 6 fixed to 30°. Note that the “frequency” here is
the Fourier transform variable in Eq. (2).
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Fig. 2. Schematic of the angle and wavelength scanning
detection system.

We have developed a new particle sizing technique
using the Fourier transform based on this phenom-
enon. The major oscillatory component in a scatter-
ing spectrum is well isolated from other components
in the Fourier domain, and its corresponding peak
position can be linearly mapped to particle size. As
the spectrum measurements are usually taken over
wavelength, we need to convert the spectrum over
wavelength \ into the spectrum over 1/\ before ap-
plying the Fourier transform. Consider a wavelength
sampling sequence \{,\g,...,\, and a spectrum I(\).
Then the Fourier transform of the corresponding
spectrum over 1/\ is
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where C is introduced to annihilate the dc offset of
the spectrum and is given by

1(1 1)-1 n-1 (1 1)
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The experimental setup we used to measure the
light scattering spectra is shown in Fig. 2. The white-
light source is a tungsten lamp, incorporating a
monochromator and a lens to provide collimated
wavelength-tunable incident light. A detector is
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Fig. 3. (a) Calculated and measured scattering spectra for

the suspension of 10 um particles, detection angle fixed at
25°. (b) Fourier analyses for the curves in (a). Note that the
“frequency” here is the Fourier transform variable in Eq.
(2). (c) Particle size determination for a set of suspensions.
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Fig. 4. Fourier analyses of calculated and measured scat-
tering spectra for 12 um particles at detection angles of
15°, 25°, and 35°.

mounted directly onto the arm of a rotating motor. A
modulator (light chopper) and a lock-in amplifier are
used to improve the signal-to-noise ratio of the detec-
tion system. The suspension samples are contained
in thin quartz cuvettes of 2 mm thickness.

To verify the performance of this technique, we
measured the scattering spectra (wavelength
scanned from 490 to 790 nm in 1 nm intervals) of a
number of polystyrene suspensions of different par-
ticle sizes, which were dilute enough to validate the
single-scattering model. Due to the refraction at the
water—air interface, the detection angle 6 determines
the scattering angle 6 by Snell’s law (sin ¢’
=sin 0/n,). Figure 3(a) shows the theoretical and ex-
perimental downshifted spectra for the suspension of
10 um particles, with corresponding Fourier trans-
forms shown in Fig. 3(b). Note that the major peak
derived from measured data is not as dominant as
from theoretical calculations, while higher-order
peaks are not observable at all. The explanation de-
pends on several factors: the probe collects light from
a small range of scattering angles because of the non-
zero spot area of scatterers and the numerical aper-
ture of the detector, there is a small nonuniformity of
particle sizes in each sample, and multiple scattering
cannot be neglected completely. All these factors com-
bine to smooth away the higher-order ripples and de-
crease the oscillation amplitude of the major ripple
while having little effect on the slow background os-
cillation. However, since the oscillation frequencies of
these components remain consistent, the precision of
the particle size estimation is minimally affected,
making this technique robust. The particle size esti-
mations for a set of suspensions, based on the linear
relation between the major frequency peak and the
particle size, are shown in Fig. 3(c), where the aver-
age percentage error is less than 5%.

The oscillation frequencies are also angle depen-
dent. For forward-scattered light (scattering angle
less than 90°) investigated in this work, the spectrum
at larger angles typically has faster oscillations but
lower intensity. This is demonstrated in Fig. 4, which
shows the theoretical and experimental spectra at
different scattering angles. Note that the increasing
peak frequencies at higher scattering angles allow for
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better discrimination of particle sizes, but the reduc-
tion in strength of these peaks requires more sensi-
tive detection.

Compared with other particle size characterization
techniques, our technique uses a simple setup and a
fast data processing algorithm. Furthermore, as
found in experiments, the discrepancy between corre-
sponding measured and calculated spectra usually
results in the variation of relative amplitude of each
oscillatory component, while oscillation frequencies
are not affected. This makes our technique robust in
that the precision of estimation is well preserved
even under less-than-ideal experimental conditions.
In addition, the detection angle in our system is flex-
ible, which enables us to employ the angular depen-
dence of the oscillation frequencies to obtain opti-
mum discrimination of particle size based on the
available detection capability. The main limitation of
this technique is the sensitive dependence of the
peak position to the detection angle, which makes it
important to obtain accurate angular information.
However, this effect can be minimized by initial cali-
bration of the system with precisely known particle
sizes.

In conclusion, we present here a Fourier transform
method of microparticle size determination using
the oscillatory features of scattering spectra, which
avoids the complex data fitting algorithms and so-
phisticated setups that are conventionally used. We
show that the linear dependence of the particle size
on the major peak in the Fourier transform of the
scattering spectrum can be used to estimate particle
sizes with good accuracy. This simple, robust, and
flexible technique is competitive in many ways and is
potentially applicable to several biomedical areas, es-
pecially those related to cellular morphology.

Y. Luo’s e-mail address is luoye@ece.gatech.edu.
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