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ABSTRACT

A method of azimuthally invariant 3d Mueller-matrix mapping of the distributions of the parameters of phase and
amplitude anisotropy of partially depolarizing layers of high-quality (group 1 - high density) and low-quality (group 2 -
low density) polyethylene polymer films has been proposed and substantiated. layer-by-layer coordinate distributions of
the magnitude of the set of Mueller-matrix invariants (MMI) of polymer films of both types were obtained in the volume
of polymer samples.
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1. INTRODUCTION

At present, optics is actively developing methods and means of polarimetric diagnostics of the structure of polymeric
materials, which includes a number of original directions including computer-assisted methods:
- Mueller-matrix polarimetry %3
- two-dimensional Muller-matrix mapping in the framework of various model approximations
Our article is aimed at the development and experimental testing of a set of methods of Stokes-polarimetry and
interferometry using algorithms for digital holographic reconstruction of the amplitude-phase structure of object fields’
for differential diagnostics of layers of high-quality (group 1-high density) and low-quality (group 2 - low density) of

films of polymer polyethylene by obtaining 3D distributions of Mueller-matrix invariants” ®°.

4,56

2. BRIEF THEORY OF THE METHOD

2.1 Mueller-matrix invariants

For the Muller matrix {M}, the azimuthally invariant, independent of the angle (®) of rotation of the sample of the
biological layer, are the following elements M;, and their combinations:

1 MlZ M13 M14

{M}:: M21 MZZ M23 M24 (l)
M31 M32 M33 M34
M41 M42 M43 M44

The MMI that characterizes the optical anisotropy of organic layers include ** **2:
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- Matrix elements

Mll; Ml4; M4l; M44 (2)

- Combination of matrix elements
=My +My) ®)
N=(Myu—M,,) (4)

- Lengths of matrix vectors

©)

- Angles

cos(B —_J(MferMé)
B )= ———on (6)

(A} - 1 (Mfl—Mle;
/M221+ |\/|321 2M M, -
(B, - [Mfz—M‘g]l
|\/|422+|\/|423 2M ,M
(8) = e i)
|\/|224.‘.|\/|324 2M,,M,,
G:\/(Mzz_M33)2+(M23_M32)2 (8)

The use of the MMI set will provide conditions for the dissemination of methods of experimentally reproducible
Mueller-matrix mapping to serial, screening investigations™ 4 *,

It is based on the use of a reference wave of laser radiation, which in the scheme of an optical interferometer is
superimposed on a polarization-inhomogeneous image of a polymer film. The resulting interference pattern is recorded
using a digital camera. With the help of diffraction integrals, the digital holographic reproduction of the distributions of
the complex amplitudes {Ex(x, y); E,(x, y)} of the object field of the polymer layer takes place’®.

The set of elements of the Muller matrix is calculated by the following Stokes-polarimetric relations for the Stokes
vectors of linearly polarized probing beams $°(0°); S°(90°).

Traditionally, measuring the magnitude of a set of elements of the Mueller matrix includes the following experimental
steps:

- formation of a series of probing linear and circularly polarized laser beams;

Proc. of SPIE Vol. 12476 124760F-2

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



- for each of the probing beams, polarization filtering is carried out and the value of 4 parameters of the Stokes vector is

calculated analytical

ly;

- a series of Stokes vector parameters calculated for each of the probing beams

determining 16 elements of the Mueller matrix of a phase-inhomogeneous layer:

M11+M12
M, +M,,
M31+M32
M,+M,
n—M
-M
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M
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22

31 M32
41_M42

M
M
M

- for the Stokes vectors of linearly polarized probing beams $°(45°%); $°(135°):

- and for the Stokes vectors of right and left circularly polarized probing beams s (®}

1
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2.2 Methods for objective assessment of polarization maps

serves as an analytical basis for

M,,
M 22
©)
M.,
M 42
M 13
M 23
(10)
M 33
M 43
s°(@)
M 14
M,,
(11)
M 34
M

At the same time, such information is integrally averaged over the entire volume of the studied polymer*’. Therefore, to
analyze statistically distributed values of polarization parameters in a phase-inhomogeneous object field, an approach is
used based on determining a set of statistical moments of the 1st - 4th orders, which characterize the mean, variance,
asymmetry, and kurtosis of distributions of polarization parameters.

For an objective assessment of layer-by-layer polarization maps S(é, X, y);, the statistical moments of the first (Z,),
second (Z, ), third (Z3) and fourth (Z,) orders were used, which were calculated by the following algorithms’:
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12)
(83 (6k i X y))j ;

Z,= (S“(&k,x,y))j,

where N — number of pixels of the photosensitive area of the CCD camera.

To carry out statistically reliable studies of the possibility of polarization differential diagnostics of polycrystalline films
of organic polymers, representative groups of such samples were formed. Representativeness was assessed by cross-
correlation analysis, which was based on achieving a standard deviation level of less than 0.025.

3. PRINCIPLES OF DIFFERENTIAL DIAGNOSIS OF POLYETHYLENE
POLYMER FILMS

Begin the Introduction two lines below the Keywords. The manuscript should not have headers, footers, or page
numbers. It should be in a one-column format. References are often noted in the text* and cited at the end of the paper.

In order to determine the diagnostic efficiency of the 3D Muller-matrix mapping method in differentiating layers of high-
quality (group 1-high density) and low-quality (group 2 - low density) of polyethylene polymer films, two groups of
partially depolarizing (degree of depolarization A <50%) layers were formed:

- 26 samples — group 1 (attenuation coefficient 0.79 < 7 < 0.85, 43% < A < 48%);

- 26 samples — group 2 (0.81< 7 <0.84, 45% < A < 47%).

In the general case, the experimental use of Miiller-matrix mapping of phase-inhomogeneous polymer layers turns out to
be limited by the azimuthal dependence of the magnitude of most of the Miiller matrix elements when the sample plane
is rotated relative to the direction of the probe beam.

The search for and use of a series of so-called Miiller matrix invariants as diagnostic parameters can become a solution to
this technological problem.

These invariants include some matrix elements, combinations of elements, and mathematical vectors, the parameters of
which are the elements of the Mueller matrix.

Optical technology for differential diagnosis of such samples includes the following steps:

1. Determination of a series of "phase™ layer-by-layer images of 3D MMI distributions{M,4; AM; My1; M14}(91=0,3;2¢1,
...,6p1) characterizing volumetric polarization manifestations of phase and amplitude anisotropy within both groups of
samples.

2. For each "phase" section of 3D distributions of the MMI value, a set of statistical moments of the 1st - 4th orders is
calculated Zi:1;2;3;4{[M44; AM, M41; M14]((ﬂk, X, y)}

3. For samples of group 1 and group 2, "phase” dependences Zi=1.»:3.4{[Mas; AM; My1; Myg]l(91, @
magnitude of each statistical moment are plotted.

4. The "phase" planes (¢") are determined in 3D MMI distributions, where the maximum differences between the values
of the statistical moments (AZ*i:1;2;3;4 = AZi=1:2:34 (¢")—max), which characterize the distributions of the values of
matrix elements My; AM; Mys; My, in these planes, are realized.

5. In the "phase" plane ¢, the average AZ i-;.,.3.4 and the error o(AZ";) are determined within the polymer films from
group 1 and group 2 (see Table 1).

o} of the

Proc. of SPIE Vol. 12476 124760F-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Table 1. Statistical criteria for the differentiation of polymer films based on phase anisotropy.

Parameters Group 1 Group 2 Accuracy, A, %
MMI Mgy AM My, AM My, AM
Z, (9 =045) | 029+0,017 | 01240007 | 044+0,029 | 0,07+ 0,004 85 82
Z,(9=045) | 021+0012 | 015+0,008 | 0,14+ 0,006 | 0,11+ 0,005 81 79
Z;(9 =0.45) | 046+0,029 | 063+0,041 | 069+0,037 | 0,92+ 0,055 91 89
Z,(9=045) | 057+0,033 | 088+0,053 | 1,03+0,059 | 1,39+ 0,084 92 87

4. CONCLUSIONS

A method of azimuthally invariant 3D Mueller matrix mapping of the distributions of the parameters of phase and
amplitude anisotropy of partially depolarizing layers of qualitative (group 1-high density) and low-quality (group 2 - low
density) polyethylene polymer films is proposed and substantiated.

Layer-by-layer coordinate distributions of the set of Mueller-matrix invariants of polyethylene were obtained in the
volume of film samples.

The "phase” depends on the magnitude of the statistical moments of the 1st - 4th orders, characterizing the distributions
of the MMI values of the polarization manifestations of the parameters of the linear and circular birefringence and
dichroism of the polycrystalline component of various types of polyethylene layers have been determined.

The optimal conditions for the differentiation of polycrystalline structures of polymer layers of different densities - the
range of phase cross-sections and the most sensitive parameters - statistical moments of the 3rd and 4th orders,
characterizing the distributions of MMI are revealed.

ACKNOWLEDGEMENTS

The research received funding from National Research Foundation of Ukraine, Project 2020.02/0061 and Grant
SDGF/VDEA4/670/2022-421 by OUN.

REFERENCES

[1] Manhas, S., Swami, M.K., Buddhiwant, P., Ghosh, N., Gupta, P.K. and Singh K., "Mueller matrix approach for
determination of optical rotation in chiral turbid media in backscattering geometry,” Opt. Express 14(1), 190-
202 (2006).

[2] Deng, Y., Zeng, S., Lu, Q., Zhu, D. and Luo, Q.,"Characterization of backscattering Mueller matrix patterns of
highly scattering media with triple scattering assumption,” Opt. Express 15(15), 9672-9680 (2007).

[3] Ushenko A.G. and Pishak, V.P., "Laser polarimetry of biological tissue: principles and applications”, in
[Handbook of Coherent-Domain Optical Methods: Biomedical Diagnostics, Environmental and Material
Science], vol. I, (Tuchin, V.V. Ed.), Kluwer Academic Publishers, 93-138 (2004).

[4] Lu, S.Y. and Chipman, R.A., "Interpretation of Mueller matrices based on polar decomposition,” Journal of the
Optical Society of America A 13(5), 1106— 1113 (1996).

[5] Guo, Y. Zeng, N., He, H., Yun, T., Du, E., Liao, R., He, Y. and Ma, H., "A study on forward scattering Mueller
matrix decomposition in anisotropic medium,” Opt. Express 21(15), 1836118370 (2013).

[6] Ushenko, A.G., Ermolenko, S.B., Burkovets, D.N. and Ushenko, Y.A., "Polarization microstructure of laser
radiation scattered by optically active biotissues," Optics and Spectroscopy 87(3), 434-438 (1995).

[7] Ushenko, Y.A., "Statistical structure of polarization-inhomogeneous images of biotissues with different
morphological structures, Ukr. J. Phys. Opt. 6(2), 63-70 (2005).

Proc. of SPIE Vol. 12476 124760F-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



[8] Deboo, B., Sasian, J. and Chipman, R.A., "Degree of polarization surfaces and maps for analysis of
depolarization,” Opt. Express 12(20), 4941-4958 (2004).

[9] Hu, Z., lvashchenko, M., Lyushenko, L. and Klyushnyk, D., "Artificial neural network training criterion
formulation using error continuous domain”, International Journal of Modern Education and Computer Science
13(3), 13-22 (2021).

[10]Hu, Z., Tereikovskyi, I., Chernyshev, D., Tereikovska, L., Tereikovskyi, O, and Wang, D., "Procedure for
processing biometric parameters based on wavelet transformations,” International Journal of Modern Education
and Computer Science 13(2), 11-22 (2021).

[11]Ushenko, V., Sdobnov, A., Syvokorovskaya, A., Dubolazov, A., Vanchulyak, O., Ushenko, A., Ushenko, Y.,
Gorsky, M., Sidor, M. Bykov, A. and Meglinski, I., "3D Mueller-matrix diffusive tomography of
polycrystalline blood films for cancer diagnosis,” Photonics 5(4), 54 (2018).

[12] Ushenko, Y.O., Tomka, Y.Y., Misevitch, I.Z., Istratiy, V.V. and Telenga, O.l., "Complex degree of mutual
anisotropy of biological liquid crystals nets", Optical Engineering 50, 039001 (2011).

[13] Dubolazov, A., Ushenko, V., Trifonyuk, L., Stashkevich, A., Soltys, 1., Ushenko, Y., Tomka, Y., Ushenko, A.,
Gantyuk, V. and Gorodensky, P., "Polarization-singular approach to imaging Mueller-matrix polarimetry in the
differential diagnosis of histological sections of biopsy of tumors of the uterus and prostate," Frontiers in
Physics, 9, 711212 (2021).

[14]Rovira, J.R., Pavlov, S.V., Vassilenko, V.B., Wojcik, W. and Sugurova, L., "Methods and resources for
imaging polarimetry", Proc. SPIE 8698, Optical Fibers and Their Applications 2012, 86980T (2013).

[15] Wojcik, W., Pavlov, S. and Kalimoldayev, M., [Information technology in medical diagnostics II], Taylor &
Francis Group, CRC Press, Balkema book, London, 1-336 (2019).

[16] Wojcik, W. and Smolarz, A. (red.), [Information technology in medical diagnostics], Taylor & Francis Group,
CRC Press, Balkema book, London, 1-210 (2017).

[17] Kolasinska, E., and Mazurek, B., “Chemically-modified polyaniline as a new conducting filler for polymer
composites,” Informatyka, Automatyka, Pomiary w Gospodarce i Ochronie Srodowiska, 4(4), 94-97 (2014).

Proc. of SPIE Vol. 12476 124760F-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Dec 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



