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Abstract

The finite-difference time-domain (FDTD) method is used to simulate the electromagnetic radiation emitted by an
infinitesimal electric dipole embedded in a small particle with an arbitrary shape and internal composition. The far-field
pattern of the radiation pertaining to dipoles embedded in a host particle is highly sensitive to the particle shape. Thus, it is
possible to discriminate host particles according to their radiation patterns. The method reported here is also applicable to
the study of induced Raman scattering and fluorescence phenomena and the detection of biological agents.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Raman scattering and fluorescence effects are of great interest to many disciplines including remote sensing
[1], biological agent detection [2], and cell structure identification. Both Raman scattering and fluorescence
processes are quantum-state transitions at molecular level, which, however, are widely assumed as electric
dipole transitions. The sizes of particles that contain the molecules triggering Raman scattering or fluorescence
radiation are usually comparable with the wavelength of the radiated field. Thus, the applicability of geometric
optics breaks down in this case. The analytical solutions for the radiation emitted by an electric dipole
embedded within a small host particle with spherical or ellipsoidal geometry have been reported in the
literatures [3-5]. It is shown that both the total radiation power and the spatial distribution of radiated energy
depend on the position and orientation of the dipole and the refractive index of the host particle. Usually, the
shapes of host particles exhibiting fluorescence and Raman scattering are irregular. Thus, it is important to
understand the radiation field induced by infinitesimal electric dipoles embedded in small particles with
arbitrary shapes and compositions. To our best knowledge, only a handful of studies have been carried out to
numerically simulate the radiation by infinitesimal electric dipoles in small particles or cavities [6].
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2. Simulation method

In this study, we use the finite-difference time-domain (FDTD) [7,8] method to simulate the radiation
pertaining to an infinitesimal dipole with an arbitrary orientation and position. A time function is needed to
describe the dipole source before the simulation. For example, a Gaussian function is used in the time domain
in the form of

2
p() = poe TV, (1)

where p, is a constant vector representing the strength and orientation of the dipole, ¢ and T, are two
parameters specifying, respectively, the width and center of the Gaussian pulse in the time domain. The dipole
is assumed to be a “‘hard” source, that is, the strength of the dipole is independent of the ambient electric field.
After several simple mathematical derivations [9], the electric field can be calculated in the form of
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where ¢ is the medium permittivity.

Fig. 1 shows two typical FDTD grid cells with a grid resolution specified by the parameters Ax, Ay, and Az.
A spatial location in the discretized space is denoted by the indices (7, J, K) = (IAx,JAy, KAz). As the same as
in the conventional FDTD algorithm, we define the electric and magnetic fields at the centers of the cell edges
and the center of the cell faces, respectively. Note that electric fields £ and E, shown in Fig. 1 also represent
the path-averaged (along the grid edges) values. Similarly, the magnetic fields represent the values averaged
over the cell faces. Because the field values along the grid edges close to the dipole are quite sensitive to the
distance and direction of the dipole, field values at the centers of these edges are not good approximations to
represent the corresponding path-averaged values. Therefore, to simulate the radiation from infinitesimal
electric dipole, as shown in Fig. 1, we modified the conventional FDTD by calculating the exact path-average
field values from Eq. (2) on edges of a grid that contains the dipole.

As shown in Fig. 1, we apply the Faraday’s law to the shaded area in Fig. 1 so that we have

0
E-dl=— | B.ds, 3
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where the path of the preceding integral is along the direction shown in Fig. 1. According to our modification,
the path integral of the electric field values is replaced by the product of the field value at the center of the edge
and the grid size except for the edge nearest to the dipole. The surface integral for the magnetic field is also
replaced approximately by the product of the area of the cell face and the field value at the center of the cell
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Fig. 1. Modification of FDTD in simulation of the dipole radiation.



C. Li et al. | Journal of Quantitative Spectroscopy & Radiative Transfer 106 (2007) 257-261 259

face. Thus, the path integral operation is only applied to the edges of the grid that contains the dipole. After
some mathematical manipulations, the numerical scheme for updating can be written as follows:
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where the superscripts represent the discretized temporal indices. Although the simulations are in the time
domain, we can apply a Fourier transformation to both the dipole source and the simulated values in the time
domain to obtain the dipole radiation in the frequency domain.

3. Simulation results

Fig. 2 shows the simulated angular distribution of the radiated field from a dipole within a sphere in
comparison with the analytical counterpart. The sphere has a radius of 8.0um and the radiated field
wavelength is 6.28 pm. The refractive index of the sphere is 1.33. The dipole is located at % of the radius along
the radial direction. The results are normalized by the maximum value. Clearly, the present results are quite
consistent with the analytical solutions in most of the angular region.

For the radiation from dipoles embedded in non-spherical shapes, we computed the far-field radiation
pattern for a dipole inside a cube or a cylinder as shown in Fig. 3, where angular distribution of the radiation
in azimuthal angle ¢ = 0 plane are shown. Same wavelength and refractive index values are used as in
Fig. 2 for both cases. The width of the cube is 12.90 um. The radius of the cylinder is 6.99 pm and the height
of the cylinder is twice the radius. Both the cube and cylinder have the same volume as the sphere in
Fig. 2. The infinitesimal dipoles are embedded at the centers of the particles with the directions along the
z-axis. The value of the intensity is normalized by its maximum value as did in Fig. 2. We also compare
our results with the discrete dipole approximation (DDA) [10] solutions. As shown in the figure, those
patterns are quite different from those for sphere in that, for the latter, the maximum of the radiated field
by the centered dipole is observed for a polar angle of 0 = 90°. The far-field radiation pattern is highly
sensitive to the particle shape. Thus, it is possible to discriminate host particles according to their radiation
patterns.

1.0 4

Analytical Result
— - — FDTD result

0.8 1

0.6 1

0.4 1

0.2 1

Normalized angular radiation intensity

00 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Angle (degrees)

Fig. 2. Comparison of the angular distribution of the radiation field from a dipole in a spherical particle with radium 8.0 pm, wavelength is
6.28 um, and the refractive index m = 1.33. The dipole is located at % of the radius and oriented in the radial direction.
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Fig. 3. Radiation from the dipole inside cube and cylinder which has a same volume and refractive index as the sphere in Fig. 2, in both
cases, the direction of the dipole is along the z-axis: (a) normalized angular radiation intensity vs. polar angle for a centered dipole inside
the homogenous cube; (b) normalized angular radiation intensity vs. polar angle for a centered dipole inside the homogenous cylinder.

4. Discussions

Although we only simulated the radiation field pertaining to a single dipole, it is straightforward to apply
the present method to the case for multi-dipoles. Compared with the method used in [6], our method is based
on a “real” infinitesimal electric dipole instead of a uniformly distributed dipole source in a grid. Compared
with the DDA method, FDTD has some advantages such as the latter can be used for larger particles and it
can simulate the radiation process in the time domain. Moreover, the FDTD method is more convenient for
simulating surface enhanced cases where the particle is close to a metal surface. It is also possible to apply this
method to study induced Raman scattering and fluorescence phenomena if the molecules embedded in host
particles are known.
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