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Frequency dependent absorption by materials at distinct frequencies in the THz range is

commonly used as spectral-fingerprints for identification and classification. For transmission

measurements, the substance under study is often mixed with a transparent host material.

Refractive index variations arising from the presence of impurities and inconsistencies in the

sample’s internal structure often cause the incident radiation to scatter. This can significantly

distort the measured spectral-fingerprints. In this letter, we present a numerical approach to allay

the scattering contribution in THz-TDS measurements, provided the sample’s refractive index is

known, and reveal the true absorption spectra for a given sample. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4768888]

In the last few decades, terahertz time domain spectros-

copy has seen an increasing popularity in a variety of appli-

cations such as pharmaceutical material characterization,

food quality control, investigation of explosive materials,

and biomedical sensing. Many researchers have contributed

to the development of several databases containing THz

spectral signatures of various pure reagent-grade materi-

als.1,2 The availability of such databases has spurred the

deployment of THz-TDS systems for real world applications.

A common sample preparation technique is to mill or grind

the sample material into fine powder and mix it with spectro-

scopic grade polyethylene powder to form rigid sample pel-

lets. Such a preparation technique ensures a uniform sample

structure with small particle sizes. However, in absence of

laboratory conditions, invasive access to the sample material

may not always be possible. Under such conditions, due to

variations in refractive index within the sample, caused by

granularity, impurities and the non-uniform internal struc-

ture, the THz radiation undergoes multiple scattering which

can significantly alter/obscure the spectral fingerprints of the

material.

In this letter, we present a numerical approach based on

the modified Rayleigh-Gans-Debye approximation to miti-

gate the scattering contribution in transmission mode THz-

TDS measurements of two phased media with absorbing

constituents. The resulting expression describes the scatter-

ing attenuation in terms of the refractive indices of the sam-

ple constituents. The proposed technique not only eliminates

the increased baseline, but also corrects the extinction spec-

trum for asymmetrically distorted absorption bands, often

observed as consequence of multiple scattering in the sam-

ple.3–5 The method is tested on an experimentally obtained

extinction spectrum of a sample made of a-monohydrate lac-

tose and PE powder.

The basic theory of light scattering by a single particle

embedded in a non absorbing medium has been thoroughly

investigated and described by various researchers.6–8 Here,

we consider a particle with refractive index np embedded in

a homogeneous non-absorbing medium of refractive index

nm. If the relative refractive index of the embedded particle

is close to unity, and its size satisfies the condition

kdjm� 1j < 1, where m ¼ np=nm, d is the particle diameter

and k is the propagation constant of the incident radiation,

then the Rayleigh-Gans-Debye (RGD) approximation for

light scattering by single particle should be valid.9 Such par-

ticles are often termed as optically soft scatterers. However,

several researchers have reported the applicability of the

RGD approximations for values of kdjm� 1j upto 3 with

only limited disagreement (�10%).17–19 Shimizu et al.10

proposed a modification to the RGD approximation and

compared the resulting scattering pattern with that calculated

using exact Mie theory. Their results showed a good agree-

ment, in the small-angle region, with the Mie theory, even

for conditions beyond the validity of ordinary RGD approxi-

mation kdjm� 1j � 1 (2.65 and 5.5 for their experiments).

Here, we present a numerical approach based on the modi-

fied RGD approximation proposed by Shimizu et al.,10 to

eliminate the scattering contribution in transmission mode

THz-TDS measurements.

For a two phased medium composed of the homogene-

ous background (nm) and N identical particles with refractive

index np, the transmitted intensity can be given by

It ¼ I0expð�alÞ; (1)

where a represents the attenuation suffered by the radiation

and l is length of the medium. Assuming the medium to be

sparse, the total scattering attenuation can be obtained by

multiplying the total number of scatterers (N) with the scat-

tered intensity distribution (IðhÞ) of a single scatterer inte-

grated over a sphere of radius r and divide by I0. This can be

expressed by

a ¼ 2pr2N

ð
IðhÞ
I0

sinhdh: (2)

The according to the RGD approximation, the transmitted in-

tensity of a single sphere is given by
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IðhÞ ¼ ð1þ cos2hÞk4p2P2ðhÞ
2r2

I0; (3)

where h is the angle of observation, p is the polarizability of

the sphere, k is the wavenumber in the surrounding medium

(k ¼ 2pnm=k), PðhÞ ¼ 3ðsinu u cosuÞ
u3

h i2

, u ¼ 2kam sinðh=2Þ,
and a is the radius of the scatterer.10 The term PðhÞ is known

as the form factor, and represents a correction to the

Rayleigh expression which accounts for the size and the

shape of the scattering particle. As the scattered intensity

drops rapidly as h increases, for transmission measurements

with very small detector angle of view, the term ð1þ cos2hÞ
can be approximated to 2.9,15 Using Eq. (3), and the expres-

sion for PðhÞ and u, the integral in Eq. (2) can be solved

by changing the variable of integration to u with the

lower limit of integration given by 0 and the upper limit set

to u0 ¼ 2kam sinðh0=2Þ where h0 is the detector’s angle of

view cutoff,

a ¼ 4pNk2p2

d2m2

9

2

�1

u02
þ sin2u0

u03
þ cos2u0

2u04
� 1

2u04

� �
; (4)

where d is the diameter of the particle. For a spectrometer

with a detector aperture size of 10 mm, the maximum value

of u0 for a particle of diameter 100lm and for frequencies

upto 6 THz is found to be �1. For values of u0 upto 1, the

last term Fðu0Þ ¼ 1
u02 þ sin2u0

u03 þ cos2u0

2u04 � 1
2u04

� �
of Eq. (4) can be

approximated as a quadratic given by 1� 0:025u0 � 0:18u02.

The polarizability p for a sphere of radius a and refrac-

tive index np in a background medium nm is given be the

Clausius-Mossotti relation,

p ¼ 4pa3 m2 � 1

m2 þ 2

� �
; (5)

and given the condition that jm� 1j � 1, the above equation

can be approximated as

p ¼ 8

3
pa3ðm� 1Þ: (6)

Substituting the above equation for p and m ¼ np=nm in Eq.

(4) we get

a ¼ 12p2k2dV
ðnp � nmÞ2

n2
p

½1� 0:025u0 � 0:18u02�; (7)

where V represents the volume fraction of the scattering par-

ticles in the medium.

The above equation provides a detailed description of the

scattering attenuation characteristics of a two phased compos-

ite medium. It can be seen that the scattering attenuation is

directly proportional to the propagation length l and the

volume fraction of the scatterers. Similarly, an increment

in the refractive index mismatch between the components

of the medium will also cause the attenuation to increase.

The size of the scatterer is related to the total scattering attenu-

ation via the term Fðu0Þ ¼ ½1� 0:025u0 � 0:18u02�, which in

turn depends on u0 or the measuring system’s detector’s angle

of view. In our measurement setup and generally in all THz

photoconductive antenna (PCA) detector based setups, a

hyper-hemispherical silicon lens is mounted on the aperture to

further focus the incoming THz beam to almost a single point

on the detector. Such transmission spectrometers have a very

small detector angle of view and therefore the value of u0 is

very small and Fðu0Þ � 1, the scattering attenuation is found

to be linearly dependent on the scatterer size d,

a ¼ 12p2k2dV
ðnp � nmÞ2

n2
p

: (8)

One of the conditions of the RGD approximation is that the

scatterers of the medium are well separated and act as inde-

pendent Rayleigh scatterers. The condition of being well sep-

arated corresponds to cases where the inter-particle distances

are much greater than the particle dimensions, hence the

sparse volume concentration. When the volume density

increases, the inter-particle effects become stronger and they

can not be neglected for the calculation of the transmitted in-

tensity. Many authors have addressed the problem of

accounting the inter-particle interferences by incorporating

an additional structure factor (S) to the expression of the total

scattering attenuation given by Eq. (2).11–15 Dunlap et al.15

reported that a structure factor accounting for the inter-

particle interferences must be a function of the volume frac-

tion, scatterer shape, and size distribution. Under the

assumption of spherical particles with uniform particle size

distribution, the structure factor S(V,d,…) reduces to an addi-

tional constant factor S to the expression of the total attenua-

tion. Under such conditions, the total scattering attenuation

for transmission through a dense two phased medium can be

given by

a ¼ 12Sp2 x
c

h i2

dV
n2

m

n2
p

ðnp � nmÞ2½1� 0:025u� 0:18u2�;

(9)

and for the case of high resolution transmission

measurement,

a ¼ 12Sp2 x
c

h i2

dV
nm

np

� �2

ðnp � nmÞ2; (10)

where k is substituted with (2pnm=k), x is the angular fre-

quency, and c is the speed of incident radiation. While Dun-

lap et al. applied a similar approach to study the temperature

dependence of the refractive index and the effect of fillers on

the thermal expansion properties of the polymer composites

using ordinary RGD approximation, unlike the proposed

method, their results are valid for composite materials with

constituents satisfying the condition kdðm� 1Þ � 1 and

therefore are applicable to a limited number of materials.

For our measurements, two sample pellets were pre-

pared by thoroughly mixing a-lactose monohydrate (Sigma-

Aldrich) with two PE powders (with different granularity

both supplied by Inducos) with a mass ratio of about 1:2.
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