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Abstract. In this paper, we measured the Mueller matrices of the samples with different
porosity in the visible range (the wavelength of the input radiation 632.8 nm) for the

observation angles from 5° to 85°. The samples under study were the tablets made of
microcrystalline cellulose with the known values of porosity. To characterize the
depolarizing properties of the studied samples we used the matrix models of
depolarizing medium, in which the Mueller matrices describing depolarization have
different structure and include different numbers of parameters. It is shown that
Mueller polarimetry ensures at least 5% accuracy of porosity identification for this class
of objects at the wavelength 632.8 nm. © 2017 Journal of Biomedical Photonics &

Engineering.
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It should be borne in mind that the single value
depolarization metrics carry some averaged information

The results recently obtained in polarimetry clearly
demonstrate the availability of polarimetric methods for
studying the properties of biological objects [1-3]. It is
known that biological objects are characterized by
complex “polarization behavior” [2]. In particular, the
objects of this class can demonstrate both linear and
circular  birefringence and depolarization. The
interaction of polarized electromagnetic radiation with
biological objects is characterized by high
depolarization, and, more importantly, depends on the
input polarization state.

The dependence of depolarization of the output
radiation on the input polarization state is referred to as
anisotropic depolarization. The most common method
to characterize the depolarizing properties of objects is
to use the so-called single value depolarization metrics
[4]. All existing depolarization metrics can be divided
into two classes. The first class is the metrics including
only the elements of the Mueller matrix of the studied
object, e.g., the depolarization metric [5], the Q -metric

[6], the Cloude [7] and Lorentz [8] entropy. The second
class is the metrics involving the scanning of all
possible states of input polarizations, see, e.g., Ref. [9].
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on the depolarization. This means that in case of
anisotropic depolarization the information capabilities
of single value depolarization metrics appear to be
limited. Moreover, in the literature the cases are
described, when certain metrics generally do not
adequately characterize the depolarizing properties of
the studied object [8].

Therefore, to characterize the polarization properties
of biological objects and, in particular, their
depolarization capabilities, the matrix models of
depolarizing medium show considerable promise.

In this case, the Mueller matrix of the object is
represented as a matrix product of, using the
terminology Jones [4], elementary types of anisotropy,
i.e., the linear and circular birefringence and dichroism,
and the matrices describing depolarization. In Refs. [10-
12] the authors demonstrated the possibility of a matrix
model based on the so-called generalized polar
decomposition theorem [13] to obtain information on
linear and circular birefringence in high depolarization
of the output radiation.

In this paper, we study the sensitivity of the Mueller
method and various depolarization matrices to the
porosity of samples, which are tablets made of a
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common pharmacological filler, the microcrystalline
cellulose [14]. The paper is organized as follows.
Section 2 outlines the existing Mueller matrix models of
depolarizing objects. In Section 3 the detailed
information about the porous samples under
consideration is presented. Section 4 presents the results
of measurements, comparative analysis and discussion.

2 Matrix models of depolarizing objects

The propagation of electromagnetic radiation in an
inhomogeneous medium, alongside with the change in
the polarization state, is also accompanied by the
“removal” of a portion of the input radiation energy,
which is spatially redistributed over the different
directions of propagation, i.e., the radiation is scattered
[15-17]. The scattering is usually accompanied by the
depolarization of the output radiation [15, 18]. The
depolarizing capability is a property of the studied
object, which manifests itself as a decrease of the
polarization degree of the input completely polarized
radiation after its interaction with the object.

There are two types of matrix models of
depolarizing objects, the additive and the multiplicative
ones. The additive matrix models are associated with
the discrete approximation of the medium, i.e., the
studied medium is represented as a set of scatterers.
These models are based on the weighted summation of
deterministic ~ Mueller ~matrices describing the
interaction of radiation with individual scatterers [19,
71. In this paper, this type of model is not considered.

The multiplicative models represent the studied
medium (deterministic and\or depolarizing) as a
structure consisting of a number of layers, successive
with respect to the propagation direction of the input
radiation. Each layer is described by the Mueller matrix
of only one type of anisotropy and\or depolarization
[20].

Apparently, the first multiplicative matrix model of
depolarizing medium was the model proposed in Ref
[21]. In this model the Mueller matrix of depolarizing
medium is presented as a product of deterministic
Muller matrices, describing linear birefringence, linear
dichroism, etc., and the depolarization matrix of the
form

1 4 4, 4,
0~ 0 0 )
0 0 P O
00 0 P

The diagonal elements of the matrix (1) represent
the degree of the following input polarizations:
horizontal and vertical, linear with the azimuths £45°,
and the left and right circular ones. The quantities
4y, 4,, and 4;in the first row of the matrix (1) are
quantitative estimates of depolarization asymmetry for
the above three pairs of orthogonal input polarizations.
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The model most widely used to date is the
multiplicative model of depolarizing medium proposed
in Ref. [13]. In this model M =M,M ;M , where

M, is the matrix of a retarder, M, is the matrix of a
diattenuator, and the matrix:

1 OF
MA:( J, mi:mA, 2
P, m,

describes the depolarizing properties of the studied
object. This model is referred to as the generalized polar

decomposition. In Eq.(2) the vector P, describes the

polarization state "generated" by the Mueller matrix (2),
when the input radiation is unpolarized.

In Ref. [23] the model of depolarizing medium,
described by the symmetrical expansion of its Mueller
matrix, is proposed:

M :MDZMRZMDAM;MD]' 3)

where the symbol “” > denotes the transposition of the
matrix My, ; Mp,, Mp, and My, , My, are the
matrices of two elliptical polarizers and phase plates,

respectively; the matrix M isa depolarization matrix
having the form

C))

One can see that the depolarization matrices (1), (2),
and (4) have different structures and contain a different
number of parameters. The analysis aimed at the
interpretation of the physical properties of depolarizing
objects based on the above matrix models [13, 21, 22] is
beyond the scope of this paper. Below we use the
depolarization matrices (1), (2), and (4) to assess their
sensitivity to the porosity degree of the considered
samples.

3 Objects of study and experimental
technique

In this paper, we investigate the porous samples made in
the form of tablets [14]. The tablets (the diameter
13 mm, the thickness 2 mm , and the porosity 40.1%;
35.1%; 30.7%; 26.7%, and 23.2%) were made using the
press PUUMAN PCS-1 from microcrystalline cellulose
(Avicell PH-200 FMC Biopolymer), a filler commonly
used in pharmaceutical industry to produce tablets.
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(b)

Fig. 1 (a) Schematic diagram of the Mueller polarimeter; (b) geometry of experiment.

The compression was implemented using the
cylindrical punches. The variation of the sample
porosity was achieved by changing the cellulose powder
mass in the range from 397 mg to 512 mg with
simultaneous change of the upper punch contour,
providing the stability of the sample thickness. The
compression speed was 100 mm/s. After one day of
compression, the dimensions and weight of the tablets
were measured, making it possible to calculate the
density of each sample. The absolute density of samples
was determined using the pycnometer Quantachrome
MVP-1.

The schematic diagram of the Mueller polarimeter is
shown in Fig. 1a.

The polarized electromagnetic radiation was
generated by the He-Ne laser (A =632.8nm). The input

channel was composed of a fixed prism polarizer and
two phase plates, implemented as controlled liquid
crystal cells with different azimuths of orientation and
values of the phase shift.

The receiving channel consisted of the continuously
rotating crystal phase plate, the fixed prism polarizer
orthogonal to the one in the input channel, and a
photodetector. Thus, the receiving channel was actually
a full-Stokes polarimeter [23].

During the measurements, various options of the
experimental geometry were tested (see Fig. 1b). The
geometry with similar input and observation angles (the
lower part of Fig.lb) appeared to be the most
informative. For the geometry shown in the top part of
Fig. 1b, the measurement at the wavelength
A =632.8 nm and the sample thicknesses of 2 mm are

also possible. However, in this case the output radiation
is completely depolarized for all the states of the input
polarization.

For all five samples we have measured the complete
Mueller matrices in the range of observation and input
angles from 5° (this value was determined by the design
constraints of the polarimeter receiving channel) to 85°
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(for the observation angles 85°—90° the intensity of
scattered radiation is vanishingly small).

Before the measurement in each sample, the
calibration measurements of the Mueller matrix were
carried out in test objects, i.e., the empty space, the
prism polarizer, etc. The Mueller matrices for each of
the observation angles, analyzed in the next section,
were obtained as a result of averaging over five hundred
measurements. The measurement error of the matrix
elements did not exceed 1% .

4 Results and Discussion.

Based on the measured Mueller matrices, the
depolarization matrices (1), (2) and (4) were calculated
for all observation angles. Figures 2 a, b, and ¢ present
the non-zero elements versus the observation angle for
the matrices (1), (2) and (4), respectively.

As seen from Fig. 2, at small observation angles,
5°—25° , the situation is close to the isotropic
depolarization, which is to the isotropic factor described
by the following Mueller matrix

0 0 0
002 0 0

M = : (%)
0 0 02 0

The possible explanation is that the multiple volume
scattering dominates in this case and the degree of
polarization of the output radiation is only slightly
dependent on the input polarization state.

At large observation angles, 70°-85° , all
depolarization matrices (1), (2), and (4) degenerate into
the unit matrix. The reason is that in this case the single
scattering from the surface of the tablets is dominant,
and the depolarization of the scattered radiation is
minimal or absent.
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Fig. 2 Dependence of nonzero elements of the matrices (1), (2), and (4) on the observation angle.
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(@)

(b)

Fig. 3 Dependence of the output degree of polarization on the azimuth 6 and the ellipticity ¢ of the input polarizations
for the sample with the porosity of 23.2% and the observation angles 18° (a) and 72° (b).

Note that for the depolarization matrices (1) and (2),
having no nonzero off-diagonal elements, only the
elements m,, in the matrix (1) and m,, in the matrix

(2) vary depending on the observation angle. For the
diagonal elements m,,, my;, and m,, the dependence

on the observation angle is quite similar and determined
by the interrelation between the volume and the surface
scattering for a given observation angle.

In our opinion, this results from the fact that the
depolarization, by which the samples under
consideration are characterized, is weakly dependent on
the input polarization. In other words, in this case, the
depolarization is weakly anisotropic. This fact is
illustrated by the dependences of the output degree of
polarization on the azimuth and elasticity of the input
polarizations, presented in Fig. 3.

For the depolarization matrix (2), if the input
electromagnetic radiation is unpolarized, then the output
radiation is partially polarized linearly and horizontally.
The maximal value of the polarization degree varies
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from 25 % to 35%, depending on the porosity, and is

achieved within the range of observation angles from
50° to 60°.

In each of the cases, illustrated by Figs. 2 and 3,
there are matrix elements and ranges of observation
angles that allow reliable identification of samples
having different porosity. However, the sensitivity to
the sample porosity is rather different in the considered
models (see the corresponding insets in Figs. 2 and 3).

5 Conclusion.

The obtained results demonstrate that the Mueller
polarimetry ensures the identification of the porosity for
a given class of objects at the wavelength
A =632.8 nm of the input radiation with the accuracy

better than 5%. The next step would be to conduct
similar studies for other wavelengths of the input
electromagnetic radiation.
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