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ABSTRACT
Proposed and substantiated a method for 3d mueller-matrix reproduction of the distributions of parameters of linear and
circular birefringence and dichroism of partially depolarizing polymer films in publishing and printing business.
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1. INTRODUCTION

At present, methods and means of Mueller-matrix polarimetry (MMP) for the tasks of diagnostics of the structure of
polymer films are being actively developed in biomedical optics. It includes a number of original directions: the study of
scattering matrices and “** and Mueller-matrix polarimetry “>® including computer assisted methods. The further
development and generalization of the methods of MMP 3D polycrystalline structure of films with different multiplicity
of light scattering, or different depolarizing ability is urgent "%,

Our work is aimed at developing a Mueller-matrix mapping method for reconstructing the distributions of the optical
anisotropy parameters of partially depolarizing films of various polymers %2

2. BRIEF THEORY OF THE METHOD

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. Using diffraction integrals, the digital holographic reproduction of the distributions of the

complex amplitudes {E, (x,y); E,(x,y)} of the object field of the polymer film is performed *****°,

The technique of polarization-correlation determination of the distributions of the polarization ellipticity consists in the
following set of actions 678

e Formation of planar polarization states in "irradiating" and "reference" laser beams.

e Registration of two partial interference patterns through the polarizer-analyzer 14 with the orientation of the
transmission plane at angles Q =0°, Q=90°.

e For each partial interference distribution, we perform a two-dimensional discrete Fourier transform DFT (v,v)
on the image. The two-dimensional DFT (v,v) of a two-dimensional array 1, g..- (X, y) (i.e. the image) is a

function of two discrete variables coordinates (x,y) is defined by *:
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where 1o g0 (X, Y) = Ag_geooe (X0 Y) Ageae (X, Y) are the coordinate distributions of the intensity of the interference

pattern filtered by the analyser with the orientation of its transmission axis at Q=0°; Q=90°; A, ..o (X, y) are the

orthogonal projections of the complex amplitudes; * denotes the complex conjugation operation; (v,v) are the spatial

frequencies in the x and y directions respectively; and (M, N) are the number of pixels of the CCD camera in the x and
y directions respectively, such that 0<x,o<M and 0<y,v<N.

e The results of this transformation should contain three peaks, one central (main) peak and two additional side
peaks. DFT in the described case works like a low-pass filter. It removes carrier (interference fringes) which is
used to extract complex representation of real field from object. Also, since the extracted part has limited size, it
also acts like a low-pass filter for the object field too **%°.

o Either of the additional side peaks (in complex representation) can be used to create a new Fourier spectrum by
first extracting the peak and then placing it into centre of a newly generated spectrum DFT,,_.q. (0,v).

e Applying a two-dimensional inverse discrete Fourier transform (DFTQ 0000 ) (x,y) on the obtained spectrum
DFTy..q0 (0,v) , ONE gets:

M-1N-1

(DFT, gao ) (%) = DFT, g0 (0, V)exp|:_i2ﬂ-(xl\>;ll)+ ywj]_ )

N

>(NxOy:O

Here, (DFT, s ) (X Y) = Agorse (X,Y)

e One subsequently obtains (for each state of polarization {Ir —Re}) a distribution of complex amplitudes 2
different phase planes:

{QOD —|Al;
Qg = | A|exp (i (85 — 5 )) -
The phase planes are defined by:

0, :(5900—500):27”Anz; 0<z<h (4)

where An is the birefringence; 4 is the wavelength; and h is the sample thickness of the object field, separated by an
arbitrary step of A .

e Ineach phase plane 6, the corresponding sets of and polarization parameters (elipticity /) of the object field
of the biological layer are calculated %

5, (0°,90°,45°,®) =|E, " +|E, ]

®)
5(0°,90°,45°,

( ®)

s, (0°,90°,45°,®) = |E, [* -
®)=
®)=

S
S, (0°,90°,45°,

Here 0°,90°,45° - polarization azimuths of linearly polarized irradiating beams, ® - right circularly polarized beam.
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Further, based on relations (1), the set of elements of the Mueller matrix is calculated using the following Stokes-
polarimetric relations:

( +890) ( ) (845 5135) (Sl®_sl@)
oo 1050) (1-81) (5-87) (55

S EpY (5-65) (675 (658 ©
(SO+SQO) ) (S45 8135) (S4®_S:B)

Traditionally, on the right side of expressions (2), the value of the phase shift §(z =1) integral over the entire thickness
| of the biological layer "appears". Therefore, the results of direct Mueller-matrix mapping are two-dimensional
distributions of the values of matrix elements M, =q; (Sz:1;2;3;4 (x, y,é)) averaged (& (z =1)) over the entire thickness

| of the polymer film. In the case of using a coherent reference wave and digital holographic reproduction algorithms, it
becomes possible to reproduce the distributions of the complex amplitudes |E,|expi(Ad,) ‘E ‘expl(Ad ) of the
object field in a discrete (Aé,:owq) set of phase planes & . Due to this, it is possible to obtain a set of layer-by-layer
distributions of the magnitude of matrix elements ( x, y,kAd ) and determine their volumetric structure

0
ol )} X, Y,| AS ||. (7

M=o

o
3. OPTICAL SCHEME AND 3D MUELLER-MATRIX POLARIMETRY TECHNIQUE

Figure 1 shows the configuration of the optical system of 3D Mueller-matrix polarimetry of a polymer film. Parallel
beam of He-Ne laser 1, formed by spatial-frequency filter 2, with 50/50 beam splitter 5 is divided into "object" and
"reference" ones. The input polarization state formed by quarter wave plate 3 and polarizer 4 is linear with azimuth 00
(perpendicular) with respect to the XY plane. The "object" beam with the help of a rotating mirror 8 is directed through
the polarizing filter 9 - 11 in the direction of the sample of the biological layer 15. The polarization-inhomogeneous
image of the object 15 is projected by the strain-free objective 17 into the plane of the digital camera 18. The "reference"
beam is directed by the mirror 7 through the polarization filter 12 - 14 into the plane of the polarization-inhomogeneous
image of the object 15. As a result, an interference pattern is formed, the coordinate intensity distribution of which is
recorded by a digital camera 18.
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Figure 1. Diagram of polarization interferometry of 3D distributions of the elements of the Mueller matrix. Explanations in
the text.

The technique of polarization-interference determination of the elements of the Mueller matrix consists in the following
set of actions:
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Formation of six polarization states in the irradiating and reference laser beams -
(0°-0°); (90°-90°); (45°-45°); (135°-135°); (®-®); (®-@).

Registration of each partial interference pattern through the polarizer-analyzer 14 with sequential orientation of
the transmission plane at angles Q =0°;, Q=090°.

4. METHODS FOR OBJECTIVE ASSESSMENT OF POLARIZATION MAPS

For an objective assessment of layer-by-layer polarization maps S(6,,x,y), the statistical moments of the first (Z,),

second (Z,), third (Z,) and fourth (Z, ) orders were used, which were calculated by the following algorithms ®
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where N — number of pixels of the photosensitive area of the CCD camera.

The statistical moment of the 1st order determines the average value of the coordinate distribution of the optical
anisotropy parameters. The statistical moment of the 2nd order characterizes the spread of random values of linear
birefringence and dichroism. The third-order statistical moment characterizes the asymmetry of the distribution of optical
anisotropy parameters. The fourth-order statistical moment characterizes the sharpness of the peak in the distribution of
structural anisotropy parameters. To determine the optimal phase plane, we used a two-stage algorithm for analyzing
layer-by-layer maps of the optical anisotropy. At the first stage:

Selected step of discrete phase "macro™ scanning A6, = 0.25rad .
Algorithmically reconstructed a series of corresponding to each A§™ =0.25rad layer-by-layer coordinate
distributions of the magnitude of the S(x,y,6, ).

Statistical moments of the 1st - 4th orders Z.

, were calculated.
The difference between the values of each of the statistical moments of the 1st - 4th orders was calculated

(a2)), =2,(07%)-2.(6])-

The phase interval AQ" = (91”1"’1* —em“) was determined, within which the monotonic growth of the value

which characterize the obtained 2D distributions S(x,y,6,)

i=1,2;3;4

AZ, =Z7,(67%)-2,(6;™)<0 stops.

j+l

Within the limits A8", a new series AZ, =Z, (65 )2, (65" ) of values was calculated with a discrete phase

“micro” scan step A6, = 0.05rad .

The optimal phase plane 6" was determined, in which AZ, (6" ) = max.

The proposed technique provides the possibility of algorithmic recovery of the values of linear birefringence and
dichroism by measuring the set of elements of the Mueller matrix and analytically calculating the parameters of the first-
order differential matrix. This matrix characterizes the average values of the parameters of the phase (linear and circular
birefringence) and amplitude (linear and circular dichroism) anisotropy of the phase-inhomogeneous polymer layer.
Calculations of the distributions of optical anisotropy parameters are presented (Fig. 2).
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Analysis of the obtained maps of optical anisotropy showed:

1. The presence of a wide range of variation in the values of the parameters of linear birefringence and dichroism
of polymer layers.

2. Coordinate heterogeneity of reconstructed maps of structural phase and amplitude anisotropy.

3. Individual and statistically distributed topographic domain structure of optical anisotropy polymer layers
polarization maps.
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Figure 2. 3D maps of distributions of linear birefringence (a) and dichroism (b) of a partially depolarizing polycrystalline

film.

The morphological structure of phase-inhomogeneous polymer layers is characterized by:
1. The presence of a distant order - spatially ordered fibers that form the so-called structural anisotropy or linear
birefringence
2. The presence of close order - cluster domains of optically active molecules, which form the so-called circular
birefringence.

The way out of this situation is the method of layer-by-layer polarization-holographic 3D scanning.

5. CONCLUSIONS

A method for 3D Muller-matrix reproduction of the distributions of the parameters of linear and circular birefringence
and dichroism of partially depolarizing polycrystalline films is proposed and substantiated.

The dynamics of the change in the value of the statistical moments of the 1st - 4th orders, characterizing the distributions
of the optical anisotropy parameters of a polycrystalline polymer film in various "phase" sections of its volume, has been
investigated and analyzed.
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