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Abstract: The pseudospectral time-domain (PSTD) algorithm is
implemented to numerically solve Maxwell’s equations to abtain the optical
properties of millimeter-scale random media consisting of hundreds of
micron-scale dielectric scatterers. Our methodology accounts for near-field
interactions and coherent interference effects that are not easily modeled
using other techniques. In this paper, we show that the total scattering
cross-section (TSCS) of a cluster of closely packed scatterers exhibits a
high-frequency oscillation structure, similar to noise. Furthermore, the
characteristics and origin of such noise-like oscillation structure have been
analyzed and determined based on first-principles.
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1. Introduction

In this paper, we report the observation and analysis of the high-frequency oscillation of the
total scattering cross-section (TSCS) spectrum of random media consisting of hundreds of
micron-scale dielectric scatterers. In particular, this high-frequency oscillation resembles
noise and can easily be overlooked in optical experiments. Based on Maxwell’s equations,
the pseudospectral time-domain (PSTD) agorithm is employed to calculate the optical
properties of random media consisting of closely packed dielectric scatterers. The
characteristics and origin of the noise-like TSCS oscillation structure are further analyzed and
determined.

To date, most research attempts to determine the optical properties of macroscopic
random media involve certain degree of heuristic approximations based on radiative transfer
theory, including Monte Carlo simulations that assume independent scattering of point-like
scatterers, and the diffusion approximation where light is treated as a diffusion problem [1-6].
The range of validity and accuracy for such approximations remain to be determined [7-9]
—all approximation methods are fundamentally limited by the assumptions imposed.
Furthermore, the near-field interactions and coherent interference effects such as speckle are
not easily account for using conventional approximation methods. As a result, research in
light scattering by random media has mostly centered on utilizing singly scattered light while
suppressing multiply scattered light.

Recently, optical characteristics of macroscopic random media have been studied by
numerically solving Maxwell’s equations, rigorously accounting for multiply scattered light.
As reported in [10], the TSCS of an optically thick, closely packed random medium is
determined by the overall geometry and average refractive index, but insensitive to the
microscopic geometrical structures. In addition, further study has shown that information
concerning microscopic geometrical details of the random media can be extracted from the
macroscopic scattered light [11]. No doubt that a rich amount of information is contained in
the multiply scattered light, which begs the question: What information can be further
extracted from macroscopic scattered light? To answer this question, an analysis based on
fundamental electromagnetic theory that accounts for near-field interactions and coherent
effectsis indispensable.

2. Methods

The smulations reported in this paper are based on the methodology we have recently
reported [10, 12]. By implementing the pseudospectral time-domain (PSTD) technique [13],
combined with parallel computing technology, our methodology provides a numerical
approach to the problem of light scatting by macroscopic random media, accounting for the
near-field interactions and coherent interference effects.

To numerically solve the Maxwell’s equations, the spatial derivatives of the electric
and magnetic fields are obtained using the differentiation theorem for Fourier transforms:

{?;)’( }=—F‘1(J‘I§F{\4}) @

where F and F'* denote, respectively, the forward and inverse discrete Fourier transforms,
and k_is the Fourier transform variable representing the x-component of the numerical
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wavevector. The spatial derivatives{(dV/dx);} can be calculated in one step. In multiple

dimensions, this processis repeated for each cut parallel to the mgjor axes of the space lattice.
PSTD techniques have been shown to possess spectral accuracy; thet is, errors due to spatial
sampling decrease exponentialy as the meshing density increases beyond the Nyquist rate.

In this paper, the PSTD technique is employed to model transverse-magnetic (TM)
scattering of light by a macroscopic cluster of N non-contacting, randomly positioned,
infinitely long dielectric cylinders of diameter d in free space. The TSCSfor a2-D system is
defined as the total scattering cross-section per unit length for a system consisting of infinite
cylinders. In each simulation, the cluster of cylinders is illuminated by a plane wave with an
incident angle of 90°. With a spatial resolution of dx = 0.33 um and temporal resolution of dt
= 10 sec, the TSCS of the cluster of infinite dielectric cylinders is obtained for a broadband
spectrum (4, = 1 um - 600 um) in asingle simulation. Without heuristic approximations, our
methodology enables accurate simulation of the optical characteristics of macroscopic random
mediathat are not easily modeled using other techniques.
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Fig. 1. Comparison of the total scattering cross-section (TSCS) of a cluster consisting of N
dielectric cylinders. With an overall-diameter D = 280 um, each cluster consists of randomly
positioned, non-contacting, n = 1.2 dielectric cylinders of diameter d = 14 um. Five cases are
shown (a)-(e): N = 10, 20, 75, 125, and 150, respectively. (Each TSCS curve is offset on the
vertical axis to facilitate comparison.) It is apparent that the high-frequency oscillation of the
TSCS spectrum increases with increasing N.
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3. PSTD Simulation

The PSTD-computed TSCS spectra of a cluster geometry consisting of various numbers of
dielectric cylinders are shown in Fig. 1. With an overall diameter D = 280 um, each cluster
consigts of randomly positioned, non-contacting, n = 1.2, dielectric cylinders of diameter d =
14 um. Note that the noise-like oscillation of the TSCS spectrum becomes more pronounced
as N increases, suggesting that it may be related to the microscopic geometrical details within
the random media.

Secondly, by subtracting out the smoothed TSCS spectrum, the TSCS oscillation (in Fig.
1) is extracted and shown in Fig. 2. The oscillation of the TSCS spectrum corresponding to
various N is compared. It is evident that with more scatterers closely packed together, the
TSCS oscillation becomes more pronounced with increased complexity.
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Fig. 2. Extracted oscillation structure of the TSCS spectra corresponding to various N. The
high-frequency oscillations are extracted from the TSCS (as shown in Fig. 1) by subtracting out
the smoothed TSCS curves. (The smoothed TSCS spectra are obtained by a running Gaussian-
window average with FWHM of 20 THz.) Each curveis offset vertically with (from bottom to
top) N = 10, 20, 50, 75, 100, 125, 150, 175, and 203, respectively. For larger N, the oscillation
of the TSCS spectrum becomes more pronounced.

While fixing the cluster diameter D, the TSCS oscillation is analyzed with respect to N
and shown in Fig. 3. Here we present an autocorrelation analysis of the TSCS oscillation. A
relationship between the characteristic correlation interval dw (characteristic correlation
interval ow = the correlation frequency of the autocorrelation analysis of the TSCS oscillation
as a function of frequency) and N is discovered—as the number of scatterers increases, the
characteristic correlation interval dw decreases monotonically.
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Fig. 3. Characteristic correlation interval ow of the TSCS high-frequency oscillation of

clusters consisting of various numbers of cylinders. With an overall diameter D = 280 um,
each cluster consists of N dielectric cylinders of diameter d. An example of the geometry is
shown in (i)-(v), depicting the geometry of a cluster consisting of diameter d = 14 um dielectric
cylinders (n = 1.2), with various numbers of cylinders within each cluster [(i)-(v): N = 10, 50,
100, 150, and 203, respectively.] The characteristic correlation interval dwis shownin (a)-(c),
corresponding to clusters consisting of d-um-diameter cylinders: (a) d = 6 um, (b) d = 10 um,
() d = 14 um. It is apparent that the characteristic correlation interval dw decreases
monotonically as the number of scatterers increases.

By varying D while fixing N, the TSCS oscillation is further analyzed with respect to the
minimum spacing s between scatterers as shown in Fig. 4. It is readily seen that the
characteristic correlation interval dw does not depend significantly on the overall cluster
diameter D or the minimum spacing s, suggesting that the TSCS oscillation is insensitive to
the overall dimensions of the random media, or the spacing between scatterers.

From Fig. 3 aone, it is arguable that the decrease of dw could also be due to the
decrease of spacing between cylinders, since both N and the spacing between cylinders are
varied simultaneously. Yet, it is shown in Fig. 4 that dw is insensitive to the spacing between
scatterers.  Therefore, Figs. 3 and 4 together show that the decrease in dwis related to the
change of N, rather than the change of the spacing between scatterers.

In summary, by numerically solving Maxwell’s equations, the research findings
presented in this paper provide insight to the study of optical characteristics of macroscopic
random media. It is shown that the noise-like TSCS oscillation indeed contains microscopic
geometrical information of the random media. Furthermore, we have determined that the
characteristic correlation interval dw of the TSCS oscillation structure is directly related to the
number of scatterers within the random media, but insensitive of the overal geometry of the
random media, or the spacing between scatterers.
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Fig. 4. Characteristic correlation interval dw of the TSCS oscillation for a cluster of fixed
number of cylinders (N = 64), with various cluster diameter D. (i)-(vi): depicts the geometry of
a cluster consisting of diameter d = 14 um dielectric cylinders (n = 1.2), with various cluster
diameters: D = 160 um, 200 um, 240 um, 280 um, 320 um, and 480 um, respectively. The
characteristic correlation interval dwis shownin (a)-(c), corresponding to clusters consisting of
d-um-diameter cylinders: (a) d = 6 um, (b) d = 10 um, (c) d = 14 um. From (a)-(c) it isreadily
shown that the correlation length does not depend significantly on the overall cluster diameter
D, or the spacing s between scatterers.

The results reported in this paper point toward the emerging feasibility of direct, exact
Maxwell’s equations modeling of light scattering through millimeter-volume random media
consisting of closely packed scatterers. More generally, our results have a wider implication:
the near-field interactions and coherent interference effects of closely packed random media
can be accurately investigated by numerically solving Maxwell’s equations, revealing optica
signatures indicative of microscopic structural information concerning the random media
which has not been shown before. It should be noted that the methodology reported in this
paper can be readily applied to many important systems, including biological tissues
structures, quasi-crystal arrangements of particles, to investigate the near-field interactions
and coherent interference effects. Further study is currently in progress and will be reported
in subsequent publications.
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