Study of Scattering Distribution for Spherical Particles
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Abstract:

In the present study, scattering contribution of
spherical particles in frequency range from 0.5
THz to 2.6 THz is examined using COMSOL
Multiphysics®. For simulation, three materials of
different optical properties are considered, namely,
sugar, sugar-free powder and Teflon. For precise
analysis, refractive indices of the samples were
obtained using Terahertz time domain
spectroscopy (THz-TDS) and varied with
frequency. With particle sizes of 20 um and 100
pm, variation of scattering losses and electric field
distribution of scattered radiation is evaluated for
each material. Transformation of the scattering
response from symmetric distribution to
asymmetric distribution is observed with increase
in frequency which can be related to the transition
from Rayleigh to Mie scattering.
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Introduction:

The terahertz (THz) region of the electromagnetic
(EM) spectrum is located in between the mid-infrared
and microwave region. It bridges the gap between the
classical to the quantum region of the EM spectrum
and corresponds to the frequency range from 0.1 THz
to 10 THz (or wavelength from 3000 um to 30 pm)
[1]. THz spectroscopy has several advantages over
other spectroscopy, therefore, it has found widespread
applications in various fields. Unlike X-rays, these
radiations are non-ionizing due to their low photon
energy (4.1 meV at 1 THz). The non-ionizing property
of THz makes it suitable for biological,
pharmaceutical, food and other samples. High
sensitivity to the presence of water is one of the unique

properties of THz waves which provides a way of
water content estimation in plant samples for proper
irrigation management in agriculture sector [2]. Also,
THz waves can penetrate most non-polar dielectrics,
which means that THz can see through visually
opaque materials such as packaging and clothing [3].
For most materials, the vibrational and rotational
energies of the molecule lie in the THz region which
is further used in many applications such as chemical
sensing [4], material characterization [5], and security
screening [6]. The unknown samples can be identified
based on their spectral signature. However, there are
some obstacles which can influence the true spectral
signature of the material and make the identification
difficult. One of the barriers is the Mie scattering
responsible for the distortion and alteration of the
absorption peaks. Hence, to obtain the accurate
spectral features of any material, elimination of
scattering effects from experimentally acquired result
is necessary.

Scattering depends on the randomness: asymmetric
shape, size and morphology of the sample, and
becomes predominant if the examined sample is in
granular form. Scattering plays an important role in the
THz region as most of the granular samples, especially
food and bio samples, have grain sizes comparable to
the THz wavelength. The angular distribution of
scattered radiation is not always symmetric and
depends on the relative size of the scattering particle.
In case of smaller particles, which scatter isotropically,
simple theory of Rayleigh scattering can be applied.
However, for larger particles, Mie scattering occurs
which is more pronounced in the forward direction and
cannot be estimated easily. Some previous work has
been reported to minimize the scattering effect for
granular samples [7-9]. Yet, methodologies to remove
the scattering effect for a material having complex
structure is quite challenging.



Prior knowledge of scattering effect is essential for
effective experimental data analyses. COMSOL
Multiphysics® is an ideal modeling software to realize
the complex problems such as scattering. It is a fast,
reliable, and cost-effective simulation tool which
provides a user-friendly environment to deal with
innovative ideas in real world applications. Single
design can be used to perform a comparative study of
various materials.

The current work is motivated by an experimental THz
spectroscopic measurement for two granular samples:
sugar and sugar-free [10]. Garg et al. shows the
frequency spectra influenced by scattering due to the
granular nature of the samples. In the current study,
scattering losses for spherical particle of different size
is calculated. Also, the corresponding change in the
distribution of electric field is estimated. Sugar and
sugar-free powder, the samples under consideration,
have sucrose and lactose as their main constituents
respectively. Teflon which is transparent in the given
frequency range is used as a reference for comparison.
Material properties such as the real and imaginary part
of the refractive index used in the simulation were
acquired using THz-time domain spectroscopy (THz-
TDS).

Theory:

If a polarized light is incident on any medium, dipole
charges generate in the medium due to the interaction
of incident electric field with medium particles. These
generated dipole charges redistribute the electric field
falling on the medium. Loss due to redistribution or
extinction depends on size, composition, refractive
index, orientation of the particles, and wavelength of
the incident radiation.

If the radius of the particle is very small compared to
the wavelength of the incident radiation, Rayleigh
scattering occurs; whereas, Mie scattering arises in
case of larger particles. In Rayleigh scattering, the
intensity of the scattered radiation varies with the
fourth power of frequency. As the particle size
increases, this relation between scattered field and
frequency vanishes due to strong particle-radiation
interaction. Mie theory, based on the solution of
Maxwell’s equations [11], provides a rigorous
analytical expression for scattering by a homogeneous
medium containing a spherical particle of arbitrary
size.

Scattering cross-section is a parameter used to define
the scattering responses and can be described as the
ratio of rate of energy flow of scattered radiation to the
intensity of incident radiation [12].
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Here, W, is the net rate of energy flow crossing the
surface of the particle, defined as the integral of the
time averaged Poynting’s vector of scattered field
across the particle surface.
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And, I; is the intensity of incident radiation which is
given as,
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Z, is the impedance of free space, E, is the electric
field amplitude of incident radiation.

Proposed simulation model:

The proposed 3D model is simulated using
Electromagnetic Waves-Frequency Domain interface
available in wave optics module. Spherical particles of
different radii: 20 um and 100 pm were simulated for
sugar and sugar free powder. In each case, the
perfectly matched layer (PML) was selected with
radius ten times the radius of the particle and with
thickness three times the particle radius. Air
(refractive index =1) is used in the surrounding
environment of the spherical particle. The incident
waves were assumed to be propagating in the positive
z-direction with linear polarization along x-axis.
Material considered for the particles were user-defined
to have variable refractive indices with frequency. The
real part of refractive index is related to the material
dispersion response while the imaginary part defines
the material absorption. Plot for imaginary part of the
refractive index of each sample is shown in figure 1.
There is no absorption peak for Teflon while, both
sugar and sugar-free has absorption peaks in the
considered frequency range.



—m" (Teflon)
0.15¢ m" (Sugar)
—m" (Sugar free)

PR “

0.05 [ ,.7555(— —_— “""““’”"ME

SNV A F ]

ﬂl‘\f}/\f&v&r\, _;51_/ /Q\-/((/\- / 1

0106031 1416182232436
Frcquency (THz)

Figure 1. Plot for imaginary part of refractive index for
sugar, sugar free powder, and Teflon.

PML layer and particle domain were discretized using
physics-controlled mesh elements. Scattering cross-
section were calculated using parametric sweep in the
defined frequency range with step size 1GHz.

Results and discussion:

In figure 2, scattered electric field for Teflon particle
with radius 20 um and 100 pum at three different
frequencies 0.5 THz, 1.16 THz and 2.6 THz is shown.
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Figure 2. Scattered electric field for teflon of 20 um and
100 um radius at frequencies; a) 0.5 THz, b) 1.5 THz, and
c) 2.6 THz.

Obtained plots are in the z-x plane, incident waves are
propagating in the upward direction while the

polarization is in horizontal direction. In case of 20
pum radius, the electric field retains its polarization
state at low frequencies due to the less interaction
between particle and incoming radiation. The
wavelength of incident radiation is very large outside
(~ 600 um) as well as inside the particle (refractive
index is shown in fig 1), hence, scattering distribution
follows Rayleigh scattering. As the frequency of
incident radiation increases (or corresponding
wavelength decreases), electric field is directed
towards the forward direction i.e. in the positive z-
direction. It is observed that electric field penetrates
through the particle for larger frequencies due to the
strong scattering interaction.

For 100 um radius, due to the large particle size,
electric field is primarily in the forward direction even
at smaller frequency (0.5 THz). For higher
frequencies, when particle size is comparable to the
wavelength of incident radiation, alternative minima
and maxima were observed due to the diffraction. This
distribution can be estimated by the theory of
geometrical optics.

Scattering cross-section of each sample with 20 um
radius is shown in Figure 3. As expected, scattering
cross-section (Csca) is small for initial frequency values
and increases with the frequency. It is observed that
the change in the Csca is comparatively large in case of
teflon.
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Figure 3. Plot for scattering cross-section of each particle
with radius 20 pm.

Variation in Cs, for different materials can be
understood based on their complex refractive index.
There is no absorption for teflon (fig 1) in the
described frequency range while sugar and sugar free
powder have significant absorption edges. Presence of
absorption prevents the radiation and does not allow it
to penetrate through the particle. Therefore, it leads to



a decrease in the total scattering cross-section in
comparison to a non-absorbing teflon.

Scattering cross-section for 100 um particle size is
shown in figure 4. Due to the large particle size,
scattering for each particle increases significantly as
compared to previous case. For non-absorbing Teflon,
series of board minima and maxima were obtained due
to the interference of incident and forward-scattering
radiation. Maxima corresponds to the constructive
interference, whereas minima relates to the condition
of destructive interference. In case of sugar and sugar
free powder, scattering is less in comparison to teflon
because of the absorbing nature of these materials. As
discussed above, radiation is absorbed in the particle;
consequently, less radiation can pass through the
particle. Although, scattering is less for sugar and
sugar free powder, but it increases conventionally with
frequency.
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Figure 4. Plot for scattering cross-section of each particle
with radius 100 pm.

Conclusions and future scope:

COMSOL provides a good understanding of different
optical responses for a wide range of frequency. Based
on the COMSOL results, a frequency range can be
defined for the precise study of different optical
phenomenon. The simulated model can help to
eliminate the scattering effect from the frequency
spectra, and it can be extended to predict the scattering
contribution from complex material for real time
applications. In the study, it was observed that
scattering response differs for absorbing and non-
absorbing particles and increases with particle size. In
future, we plan to study scattering response for large
number of particles of different sizes. Results will be
further utilized to get the accurate spectral signature of
materials using THz-TDS.
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