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Customized depolarization spatial
patterns with dynamic retardance
functions

David Marco?, Guadalupe Lopez-Morales?, Maria del Mar Sanchez-Lépez?*, Angel Lizana3,
Ignacio Moreno'* & Juan Campos?

In this work we demonstrate customized depolarization spatial patterns by imaging a dynamical
time-dependent pixelated retarder. A proof-of-concept of the proposed method is presented, where a
liquid—crystal spatial light modulator is used as a spatial retarder that emulates a controlled spatially
variant depolarizing sample by addressing a time-dependent phase pattern. We apply an imaging
Mueller polarimetric system based on a polarization camera to verify the effective depolarization
effect. Experimental validation is provided by temporal integration on the detection system. The
effective depolarizance results are fully described within a simple graphical approach which agrees
with standard Mueller matrix decomposition methods. The potential of the method is discussed by
means of three practical cases, which include non-reported depolarization spatial patterns, including
exotic structures as a spirally shaped depolarization pattern.

Controlling the polarization of light is an essential aspect in many different optical techniques', and its detection
is the basis of polarimetry and ellipsometry?. In recent years there has been a great research activity in developing
optical polarimetric instruments, mostly based on liquid-crystal (LC) modulators, capable of generating and/or
detecting different states of polarization (SoP), to build polarimeters without moving elements®=.

Partially polarized light can be expressed as a superposition of fully polarized light and unpolarized light
weighted by its degree of polarization (DoP). The DoP provides very valuable additional information in the
polarimetric analysis of samples®, which is becoming especially relevant in biomedical samples where depo-
larization measurements can provide valuable information’~’. The term depolarization refers to the temporal
and/or spatial incoherent coupling of polarized light into unpolarized light and is associated with a reduction
in the DoP. There are situations where it is convenient to reduce the DoP of fully polarized light. This is typi-
cally necessary when a polarization insensitive response is required, as for instance in a laser pump diode'”,
in fluorescence resonance energy transfer (FRET) systems'!, in laser microfabrication methods'? or in optical
coherence tomography systems!>.

There are different techniques to reduce the DoP. A classical method is the Lyot depolarizer'®, which con-
sists of two wave plates with a 2:1 thickness ratio and with a 45° relative orientation angle of their optical axes.
This device is intended for use with polychromatic light and it has been applied both with bulk optics'* and
with fiber optics!®. Other recent techniques apply different strategies, as for instance, dividing the input beam
in two orthogonal SoPs which are then recombined after modification of their properties in a Mach-Zenhder
interferometer'>'¢, or based on an imbalanced dual-frequency dual-polarization light source'’.

LC devices and LC modulators have been employed to build optical depolarizers, where two general strategies
can be adopted. The first one considers the realization of a very fast spatial variation of the SoP along the beam
transverse plane. If the detector integration area is much greater than the SoP spatial variation, the resulting
beam presents an effective depolarization effect. This is the case of the cholesteric LC wedge depolarizer'® or
the LC depolarizers designed with randomly distributed optical axes'*?. The second strategy considers using
optical modulators to generate a fast temporal variation of the SoP. In this case, if the detector integration time is
much greater than the SoP temporal variation, again the result is an effective depolarization effect. This effect was
noticed originally in liquid-crystal on silicon (LCOS) displays*"*%, where it was perceived as a negative effect that
reduced the image contrast or the diffraction efficiency of patterns displayed onto these devices. However, more
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recently it has been exploited to create depolarizer instruments based either on ferroelectric LC modulators®
or acousto-optic modulators'”.

All these LC depolarizers were performed using a non-expanded laser beam and a single-pixel modulator.
However spatial light modulators (SLM) are electronically controlled two-dimensional LC arrays consisting
nowadays of over 1000 x 1000 pixels, and with a pixel size in the order of a few microns. Therefore, such LC-SLMs
can be exploited to generate customized depolarization effects.

In this work, we use a parallel-aligned LC-SLM to emulate a temporal depolarizer in order to create an effec-
tive DoP image. We obtain this new situation by encoding a pixelated retardance pattern that changes with time.
Such temporal variation has been proven to be very effective to reduce speckle noise in computer-generated
holograms**?. In those works, however, SLMs were exploited only as scalar phase-only devices since no variation
of the SoP was produced. Here, on the contrary, we use the SLM to produce a temporal SoP variation resulting
in an effective depolarization effect which, in addition, is made spatially variant.

Since there is an increasing interest in studying the depolarization indices®® as channels of new information,
for instance in biological samples?, this capability of emulating the depolarization with controlled precision can
help to understand the physical mechanisms that cause depolarization in these samples. In addition, systems that
generate structured light often make use of vector beams?®, where the SoP varies spatially but where the beam
is usually kept totally polarized®. As illustrated in this work with some examples, including the DoP as a new
parameter in the vector beams could lead to completely new concept of structured light designs.

The structure of the paper is as follows. After this introduction, the next section introduces the methods we
have applied, including the Mueller matrix analysis of a retarder with a temporal variation of its retardance and
a graphical description of the time averaged SoP and its expected depolarization characteristics. It also includes
the description of the experimental system. “Results and discussion” section shows the experimental results
obtained by Mueller matrix image polarimetry, which proves the expected generation of spatially-variant effective
depolarizing patterns. Various cases featuring different time and spatially-varying phase patterns are considered.
Their complete interpretation is provided based on the SoP variations in the Poincaré sphere. Finally, “Conclu-
sion” section includes the conclusions of the work.

Methods

Time averaged Mueller matrix. A state of polarization can be described by its Stokes parameters' (So,
S1, S5, S3) and they are represented in a column vector § = [Sy, S1, 2, S3] T An effective SoP that corresponds to
partially polarized light (mixed state) can be described by a Stokes vector resulting from the incoherent addi-
tion of two Stokes vectors that describe fully polarized light (pure states). This addition can be experimentally
performed by temporally averaging in a time T two Stokes vectors describing fully polarized light (S4 and Sg),
each weighted by the time t4 and t5 = (T — t4), respectively, where t4 < T?. As a result, an effective Stokes
vector (S, ) is obtained:

1
(Se) = ?[tASA + (T — tA)Ss]. ey

In this work, we use this principle to make polarization patterns with a controlled spatially-varying DoP. For
this purpose, a LC-SLM is illuminated with polarized light and two patterned gray-level designs are sequentially
addressed to the SLM and switched during a period T, which is taken to be the integration time of our detector.
As a result, two different spatially-varying pure polarization states are generated at the output, which change in
time according to Eq. (1). The resulting light pattern can be regarded as having a customized effective partially
polarized SoP, provided the integration time in the detector is large enough compared to the switch time in the
SLM. Let us note that this procedure can be extended to include more than two polarization states. However, as
shown next, with just two states it is possible to achieve any degree of polarization, including a full depolarization.

Therefore, for simplicity, we assume the situation wheret4 = T/2. Therefore, using Eq. (1), the effective Stokes
vector after the SLM plane is given by:

1
(8e(x)) = S[84() + Sp(x)], 2)

where S4(x) and Sp(x) are the Stokes vectors describing the SoP that is generated by applying pattern A and
pattern B to the SLM, and where x = (x, ) represent the spatial coordinates in the SLM.

The transformation that the SLM performs on an arbitrary input beam with homogeneous SoP (S;,) can be
described by a spatially-varying Mueller Matrix. For each of the two displayed patterns we can define its Mueller
matrix My (x) and Mp(x) that apply over the input polarization state S;,, resulting in two different polarization
states: S4 (x) = M4 (x)Sin and Sp(x) = Mp(x)S;,. Therefore, the effective averaged Mueller matrix during a time
T is:

1
(Me(x)) = - [Ma(x) + Mp()]. (€)

The SLM used in this work is a parallel-aligned LC-SLM with its principal axis horizontally oriented. There-
fore, it can be considered as a pixelated linear retarder where each pixel has the same principal axis orientation
but with a variable retardance. This is represented by the Mueller matrix of a linear retarder with retardance ¢
and its slow axis along the horizontal direction®.

Scientific Reports |

(2021) 11:9415 | https://doi.org/10.1038/s41598-021-88515-x nature portfolio



www.nature.com/scientificreports/

10 0 0
01 0 0
Mr(¢) = 00 cos¢p —sing |- (4)

00 sing cos¢
Substituting Eq. (4) in (3) the effective Mueller Matrix (M, (¢4, ¢p)) that describes the SLM is:

1
(Me(¢a, ¢B)) = E[MR((PA) + MRg(¢)], (5)
10 0 0
M _ 01 0 0
(Me(¢4,¢8)) = 00 %(c0s¢A ~+ cos ¢p) —%(sinq)A + singp) |’ (6)

00 %(sin ¢4 + sin ¢p) %(cos ¢ + cos ¢p)

where ¢4 and ¢p are the retardance function for pattern A and pattern B encoded in the SLM during one period,
and where the x dependence in these relations was omitted for simplicity.

Mueller-Stokes transformations. The above effective Mueller matrix is analysed using the well-known
Lu-Chipman decomposition®’, which defines the Mueller matrix as the product of the Mueller matrices of a
depolarizer M, a retarder Mg and a diattenuator Mp. The Mueller matrix M of a depolarizing element with its
principal axes aligned along the Sy, S; and S3 axes is given by

100 0
_061100
Ma=100a 0| @)

00 06!3

with ‘aj} = (1 — Aj) < 1,j = 1,2,3,being a; the principal depolarization factors and A; the depolarizance along
the Sy, S; and S3 axes™.

The null value of the elements of the first row and column in Eq. (6) reveals the expected result that the system
does not present diattenuation nor polarizance. Therefore, the matrix (M, (¢4, ¢p)) can be decomposed as the
product of a pure depolarizer and a linear retarder. It is thus straightforward to show that it can be written as
the following product of two matrices:

10 O 0 10 O 0
01 O 0 01 O 0

(Me(4, ¢p)) = 00coss 0 00 cos¢ —sing |’ (8)
00 0 cosé 00 sing cos¢

— +¢

5= %273, )
and § is their semi-difference:

S = @ (10)

Thus, Eq. (8) shows that the effective Mueller matrix can be viewed as the combination of a linear retarder
aligned along the S; axis followed by a depolarizer aligned along S;, S; and S axes.

Figure 1 illustrates on the Poincaré Sphere (PS) the polarization changes induced by such effective Mueller
matrix when acting upon an input polarization state S;; = [Sin0, Sin1> Sin2> Sin3]”. Since the neutral axes of the
effective retarder are along the horizontal and vertical directions (S; axis), the matrix (M.) only modifies the Si;»
and S;,3 parameters. Therefore, the output SoP will lie in the plane of the PS defined by the constant value S;.
Figure la shows three different planes that contain all the possible SoPs that can be generated for three different
input states with diverse values of Sj,1. As illustrated, the maximum possible number of SoPs are obtained when
Sin1 = 0 (orange plane in Fig. 1a), which is the case considered in this work. Note that at the intersection of planes
with the PS surface we find fully polarized states, and the center of the PS corresponds to a fully depolarized
state. Any other spot in the plane describes a partially polarized state.

To avoid negative values in the depolarization factors a4; in Eq. (7), it is rewritten as
(M (¢4, #8)) = Ma (8) - Mg(R) with

10 0 0 10 0 0
01 0 0 01 0 0

<ME(¢A:¢B)) = 00 |COSE‘ 0 00 cosR —sinR |’ (11)
00 0 |cosd|/ \0OsinR cosR

where the effective retardance R of the retarder matrix Mg (R) is now given by:
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(C) Sin1=0 S3

Figure 1. (a) Planes in the Poincaré Sphere defined by a constant value of S;. The plane that contains the input
state S;, defines all the possible SoPs that the effective state (S, ) can reach. Note that only the plane S; = 0
contains all the possible DoP values. (b,c) Composition of the effective output state (S.) as the incoherent
addition of states S4 and S for an input state with S;,;; = 0 when cos § > 0(b) and when cos§ < 0 (c).

when cos§ > 0
R={ mod2n (¢ +m) whencoss <0, (12)
undefined when cos§ = 0

where R is defined from 0 to 27r. Note that when cos § = 0 (situation that occurs when ¢4 — ¢p = 7) the Mueller
matrix (M,) becomes a pure depolarizer (Diag(1, 1, 0, 0]) regardless of the R value. In this situation the retard-
ance is not well defined, since the matrix Ma (3) becomes singular and cannot be inverted, and Mg (R) cannot
be determined.

Figure 1b,c illustrate the SoP transformation induced by the effective matrix (M,) on an input state with
Sin1 = 0. We consider two situations. In the first case cos 8 > 0, i.e., the difference ¢4 — ¢p modulo 27 between
the two phases is lower than 7. Figure 1b depicts the plane S;;; = 0 of the PS and shows how the effective SoP
(S.) is obtained from the incoherent addition of the two Stokes vectors (S4 and Sg) that result from the action of
matrix (M) over an input state S;,. According to Eq. (2), the effective output Stokes vector (S,) is located at the
midpoint on the straight line joining the two points in the PS defined by the vectors S4 and Sp. As depicted in
Fig. 1b, the action of the effective retarder matrix Mg (R) can be regarded as a counter-clockwise R = ¢ rotation
of the input vector S;, around the S; axis of the PS. In turn, the action of the effective depolarizer M (3) equally
changes the length of the S;,;» and S;,;3 parameters, and consequently it is related to the DoP of the output vector
(Se)-

Figure 1c illustrates the SoP transformation when cos§ < 0, a situation that occurs when the difference
¢4 — ¢p modulo 27 is larger than 7. In this case, the global minus sign in cos§ is equivalent to shifting the
effective retardance by 7 with respect to ¢, i.e., R = mod2n (¢ + ).
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Figure 2. Schematic diagram of the Mueller imaging polarimeter in a reflection configuration (L converging
lens, LP linear polarizer, LCR liquid-crystal retarder, QWP quarter wave-plate, SLM reflective spatial light
modulator, PSG polarization state generator, PSA polarization state analyzer).

Control of the degree of polarization. The degree of polarization is defined as DoP = (52 + $2 + $2)'/* /o,

where 0 < DoP < 1, and it corresponds to the length of the vector (S1, Sz, S3)/So in the Poincaré Sphere!.

While the effective retarder in Eq. (11), defined by the effective retardance R in Eq. (12), describes the rotation
in the PS that gives the output polarization state, the corresponding DoP is controlled by the semi-difference §.
The matrix Ma (3) in Eq. (11) describes a non-homogeneous depolarizer. This is an expected result since we are
considering a variable retarder that is always aligned along the horizontal direction. Thus, there is no change of
polarization for the horizontal/vertical components. As a consequence, the horizontal/vertical depolarizance in
Eq. (7) is Ay = 0, while for the & 45° and circular components the depolarizance is given by"*

Ay = A3z =1-—|cosd|. (13)

The action of the effective Mueller matrix (M.(¢a,¢p)) on an input polarization state
Sin = [Sin0» Sint> Sinz> Sin3] T yields an effective output averaged SoP described by (S.) = (M,)S;, with the fol-
lowing effective Stokes parameters:

SinO
(@t = | |ooglis . o™
elP4, PB c0s 38 |(Sinz cOsR — SipzsinR) | (14)
c0s 8| (Sinz sin R + Sj,3 cos R)

Its effective degree of polarization (DoP s ) is therefore given by:

DOPSC _ \/Siznl + (SiznZ + St'2n3) COSZ g (15)

Sino

In this work, we consider input SoPs that are fully polarized, so their degree of polarization is always one:

DoPs,, = (82, + S%, + S%3) Y /Sino = 1. Applying this condition to Eq. (15) we obtain that the effective DoP
for the average output SoP is:
Sin1 : < <
DoPs,) = (S' 0) sin? § + cos? 8. (16)
!
For the case S;;;; = 0 then
DoP s, (Sin1 = 0) = |cos$]. (17)

These relations reveal that a total depolarization (DoP(g,) = 0) is attained when S;;; = 0 and |cos 3| =0.
This happens when the states S4 and Sg lie in antipodal points of the PS (i.e., two orthogonal polarizations are
added incoherently) and, consequently, (S,) is right in the center of the sphere. This situation occurs for § = 7/2.

Experimental setup. The experimental setup used in this work is shown in Fig. 2. It is a Mueller matrix
imaging polarimeter’! that we have adapted to analyze the polarimetric properties of the reflective LCOS-SLM.
It basically consists in two blocks: a tunable polarization state generator (PSG) based on two liquid-crystal
retarders and a polarization state analyzer (PSA) based on a polarization camera.

The light source is an Argon/Krypton laser (CVI/Melles Griot, Mod. 35-LTL-835-240) whose 488 nm wave-
length is selected using an interference filter. Then, the laser beam is spatially filtered and collimated before
entering the liquid—crystal PSG, composed of a vertically-oriented linear polarizer followed by two commercial
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Figure 3. Time-resolved intensity measurements for the SLM between polarizers at 45°. Two gray levels are
sequentially addressed to provide a retardance of m and 3 (a) every second and (b) every 0.2 s.

tunable liquid-crystal retarders (LCR) from ArcOptix*? with their fast axis oriented at angles of 45° and 90°,
respectively. The final element of the PSG is a quarter wave-plate (QWP1, Thorlabs, AQWP05M600) with its
fast axis at—45°. This PSG is a compact version of the one given in** consisting of two LCRs and two QWPs.
The first LCR in Fig. 2 (LCRI1) rotates the input vertical SoP around the S axis in the Poincaré Sphere an angle
equal to the selected retardance. The voltage addressed to LCR1 is set to add a /2 retardance, resulting in an
effective quarter-wave plate placed after LCR1 with its fast axis also oriented at 45°. This effective quarter-wave
plate, LCR2 and QWP1 act as a polarization rotator that rotates the SoP around the S3 axis an angle equals to half
the retardance value selected for the second LCR. Therefore, with this PSG, the retardation values of LCR1 and
LCR2 provide, respectively, the ellipticity and azimuth angles of the generated SoP. The LCR’s retardance were
calibrated for the 488 nm wavelength and the generation of the standard SoPs was verified**.

The PSA consists in a second QWP2 with its fast axis vertically oriented and a Kiralux™ Polarization Camera
(Thorlabs, CS505MUP). This camera has a monochrome CMOS sensor of 5 megapixels, with integrated four-
directional wire grid polarizer array. It has macropixels of 6.9 um consisting in four micropixels of pixel size
3.4 um, thus making it possible to detect in a single shot the linear SoPs with orientations at 0°,+45° and 90°.
Hence the QWP2 is added before the camera only when the circular polarizations should be detected.

In this work we use as the sample in our imaging polarimeter an LCOS-SLM (Hamamatsu X10468-01), with
800 % 600 pixels and pixel size 20 um. This is a parallel-aligned nematic liquid-crystal on silicon display, thus
acting as a reflective linear retarder where the retardance can be tuned through the gray level addressed from
a computer. Because it is a reflective device the PSA arm must be placed in a reflection configuration with a
reflection angle of ~ 5°. The SLM screen plane is imaged on the camera by using a second lens (L2, f=200 mm)
and by setting the distances to ensure a 1:3 correspondence between the SLM pixels and the camera macropixels.
The SLM modulation was calibrated following standard procedures® in order to obtain the correspondence of
the gray scale with the retardation value for the 488 nm wavelength. A retardance variation from 0.657 to more
than 4n was found for the standard one-byte gray levels ranging from 0 to 255.

The key aspect of the work is that, instead of addressing the SLM with a standard static gray-level pattern,
we make the most of the real-time phase control at each pixel to address a video phase pattern that uses two
different images to encode two different retardance values at each pixel. This way, the effective Mueller matrix
described in Egs. (5) and (6) can be experimentally implemented. The first image has a retardance value of
¢A(x) = ¢(x) + 8(x) and the second has ¢p(x) = ¢(x) — §(x), wherex = (x,y) denotes the spatial coordinates
at the SLM plane.

The SLM operates at video rate (60 Hz). Figure 3 shows time resolved measurements where we experimentally
verified the SoP transitions that occur when frames change. We follow the experimental scheme in*!, where the
light beam reflected from the SLM is measured with a detector (Newport 818-SL) and monitored in an oscil-
loscope. The SLM is illuminated with linearly polarized light at 45° with respect to the LC director. In addition,
a linear polarizer is placed before the detector oriented parallel to the incident polarization. Two gray levels are
sequentially addressed to the SLM, selected to provide a retardance of m and 3 m. Under this configuration, the
phase difference between the gray levels is 2 1, so the same polarization state is obtained at the output. The figure
shows one period of the sequence when the gray levels are switched at 2 fps (frames-per-second) and at 10 fps.
Figure 3a shows how the detected signal remains constant at the expected zero intensity except for the two narrow
peaks that correspond to the transitions between the two gray levels. These peaks show a different width depend-
ing on whether the gray level is increased or decreased. The sum of their widths in a period is about 60 ms, thus
representing a very small fraction of the total interval when operating at 2 fps. On the contrary, when operating at
10 fps (Fig. 3b) these transitions intervals approach the period of the sequence, and therefore cannot be ignored.

Since we want to mimic the situation in Eqgs. (5) and (6) with a good fidelity and reduce the impact of these
transition intervals, we selected a video film with very low rate of only two frames-per-second. For higher
rates, the transition intervals of the LC molecules become much more noticeable and therefore they must be
considered in the calculation of the effective Mueller Matrix of the SLM. While the video was displayed on the
SLM screen, a total of 36 images were captured by the camera. Each image corresponds to the generation and
detection of the six standard SoPs (linear states oriented at 0°, + 45° and, 90°, and circular states) by the LC-PSG
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Figure 4. (a,b) Switching phase-pattern images. (c) Expected retardance and semi-difference. (d) Location

of the theoretical effective SoP for each j pattern sector where j = 1,2, 3,4 on the Poincaré sphere for a

linear incident SoP at + 45°. The points A-j and B-j indicate the SoP of the individual phase pattern. (e,f)
Experimental output effective Stokes parameters (S,) = (S0 Se1» Se2, S¢3) and their respective effective DoPs
when the incident beam is polarized at 4+-45°. (g) Corresponding expected theoretical Stokes parameters and
DoP.

and the PSA, respectively. Note that the use of the polarization camera reduces the number of measurements
to 12 different PSG-PSA combinations. It can be argued that such a slow rate of two frames per second cannot
generate a real depolarization effect. This is the reason why we name this proof-of-concept system an “emulator
depolarizer system”. Although, from a theoretical point of view, depolarization is related to polarization changes
at electron transitions rates, from a practical point of view, where detectors and CCDs sensors are required to
conduct radiometric measurements or images, an effective depolarization would be detected. Therefore, having
a detector rate even slower than the LCOS-SLM rate provides equivalent effective polarimetric results. Note
that much faster response could be achieved with SLM devices based on ferroelectric liquid crystals, capable to
switch at kHz rates®. A faster switching response can be reached with nematic liquid-crystal SLMs by applying
a transient effect™.

The coefficients of the experimental Mueller matrix were calculated according to standard methods® and the
polarimeter calibration was made by measuring the air and a quarter wave plate. The use of LCR devices avoid
having moving parts in the polarimeter, but when employed with a coherent source, as it is our case, induces
interference fringes in the captured images. We applied a digital Notch filter to eliminate this periodic noise in
the polarimetric measurements®.

Results and discussion

In this section we provide the experimental results obtained with different phase pattern images that emulate
samples featuring different depolarization spatial patterns. Three cases are considered: a four-quadrant pattern,
a text and a spiral pattern where the SoP and DoP are spatially varying.

CASE I: four sector patterns. Figure 4a,b illustrate the phase pattern images ¢4 (x) and ¢g(x), respec-
tively. These are the two gray-level images addressed to the SLM that switch to generate the time varying retarder.
In this first example they are divided into four sectors, each with a different retardance value. Sectors #A1 and
#B1 lie in the upper left part of the image and the following sectors are numbered in a counter-clockwise direc-
tion. Sectors #1, #2 and #3 are designed to provide retardances around a mean value ¢ = 2m, so there is no other
change than depolarization on the effective SoP compared to the input state. Figure 4c shows the expected effec-
tive retardance R and the semi-difference §.
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To understand how this effective depolarization generator works, we have illustrated the output SoP for each
sector separately, as well as the theoretlcal effective SoP on the Poincare sphere for an incident beam with +45°
linear polarization (Sj+45c = [1,0,1, 017). Figure 4d illustrates the expected polarization transformations in the
Poincaré sphere. The input state is the black point #1, which also corresponds to the output state for sector #1,
thus remaining fully polarized. For the other sectors, the output states for each individual phase pattern (A and
B) are indicated in the PS as points Aj and Bj, where j=2,3,4 denotes the sector. The time-averaged output SoP
is drawn as the black spots #2, #3 and #4. When the retardation difference in both phase images is 26 = 7/2

(sectors #2 and #4), the effective SoPs lie inside the Poincaré sphere on states (S,2) = [1 0,1/+/2, 0} and

(Sea) = |1,0,0, —l/fj (black dots #2 and #4), therefore they have DoP = l/f On the other hand, when

the input SoP is reflected by sector #3, the output individual SoP switches between right and left circular polarl—
zations (points A3 and B3) and, consequently, the effective SoP lies in the center of the sphere, (S, 3) = [1,0,0,0]7,
(black spot number #3). In this case, the generation of two individual orthogonal SoPs results in a fully depolar—
ized averaged SoP.

Images of the experimental output effective Stokes parameters (S,) obtained with the imaging polarimeter
for an input 4 45° linear state (S;s4450) are shown in Fig. 4e, together with the corresponding measured DoP.
The average parameters at each sector are presented in Fig. 4f and their theoretical values are plotted in Fig. 4g
for comparison. Sectors #A1 and #B1 have the same retardance (R = 27), therefore the Stokes parameters of
the input SoP are not modified and the output effective DoPs,) approaches to 1. Sectors #2 and #4 modify the
polarization of the incident SoP since the output value of S, and Se3 in Fig. 4e are no longer one, resulting in a
partially polarized output with effective DoP s, close to the expected value of 1/+/2. Finally, the effective output
Stokes parameters for sector #3 resembles that of unpolarized light. The experimental non-null parameter S,;
makes the DoPs_) value not exactly zero; this slight discrepancy may be due to the transition intervals between
frames in the LCOS SLM or to experimental errors of the polarimeter system®!. Nevertheless, these results
demonstrate the ability of the procedure to emulate spatial patterns with variable SoP and DoP.

A complete characterization of the SLM as a depolarization emulator requires obtaining its experimental
Mueller matrix image. In this case, it is an effective matrix that describes the complete polarimetric response of
the SLM when being addressed with time-varying patterns for any incident SoP. For that purpose, we consider
the six typical SoPs (H, V, + 45°,-45°, RCP and LCP) in both the PSG and PSA. Figure 5a shows the experi-
mental effective Mueller matrix (M), normalized by the mgg element. Figure 5a shows the images derived for
the 16 elements of the Mueller matrix. The four sectors of the encoded phase patterns are only clearly visible in
four elements of the lower-right 2 x 2 submatrix. These Mueller matrix elements are averaged considering all the
pixels within each sector and they are plotted in Fig. 5b-e, together with the theoretical values. The correspond-
ing numerical data are provided in Table 1. The result in all cases show a very good agreement. For instance, the
effective matrix in sector #1 (Fig. 5b) resembles very well the identity matrix, (M, ;) ~ I, while in sector #2,(M,)
becomes a diagonal matrix (Fig. 5¢) with mgg = mj; = 1but coefficients m,; and m33 reduced to1/ /2. A similar
situation occurs in sector #3, where (M, 3) is now the diagonal matrix Diag[1, 1, 0, 0]) (Fig. 5d). Finally, in sector
#4 we obtain the Mueller matrix with all elements null except mgg = my; = 1,mp3 = 1/ V2andms = —1/4/2.

Comparison of the theoretical and experimental data in Fig. 5 and in Table 1 show very good agreement,
within the limits of the instrumental error provided by our developed imaging polarimeter. This error was esti-
mated in’! using polarizers and retarders as samples, and was shown to be in all cases less than 7%. It was attrib-
uted to different error sources like the precise retardance of the LCR devices employed in the PSG, the required
movable QWP in the PSA, or the speckle noise caused by laser light. In addition, slight deviations of the SLM
modulation from the ideal two-phase pattern also contribute to these discrepancies. Nevertheless, these results
illustrate how the temporal sequence addressed to the SLM can be used to control its effective Mueller matrix.

The Lu-Chipman decomposition®® was applied to the experimental effective Mueller matrix to calculate the
main polarimetric parameters, like diattenuation (D), polarizance (P), retardance (R) and depolarization (A),
as if there was no a-priori knowledge of the characteristics of the sample®'. The elements of the first row and
column of the normalized M, are related to diattenuation and polarizance, respectively. These parameters are
not relevant in our analysis since they are almost zero (their maximum values are D = 0.10 and P = 0.18 in
sector #4). This result was expected as LCOS-SLMs are considered non-dichroic elements. Figure 5f-h shows
images of the depolarizance parameters Ay, A, A3z. Image 4(f) shows how the H/V depolarizance parameter A;
is null for all sectors, while both +45° linear (A;) and circular (A3) depolarizance change in different sectors in
Fig. 5g,h, becoming maximum A, &~ A3 & 1in sector #3. Finally, the measured effective retardance is shown
in Fig. 5i. Sectors #1 and #2 show experimental values close to the expected value R = 0, while in sector #4 the
average value is R = 0.487, very close to the expected result R = 0.57. In sector #3, the expected retardance is
not well defined, as discussed in the previous section.

CASE II: text pattern encoded in DoP. The SLM allows a full control of the retardance at every pixel.
Here, we make the most of this capability in order to encode a text pattern with gradually varying depolariza-
tion. For that purpose, two phase patterns were designed, each one encoding the word DESPOLARIZACION
(depolarization in Spanish). Figure 6a,b show the pattern gray-level images addressed to the SLM. They encode
the phase functions ¢4 (x) and ¢p(x), where about 30 x40 pixels were used for each letter. The phase value in
some specific letters and in the background is indicated in the figure. The averaged retardance is always ¢ = 37
and the retardance difference gradually changes from § = 37 /4 to § = /4 in steps of 7 /28. Again, we illumi-
nate the SLM with a fully polarized state Sj,+450 = [1,0, 1, 0]” . Figure 6c¢ illustrates on the PS, and for each letter,
the output states S4 (blue dots) and Sg (purple dots) generated by each pattern, and the expected averaged SoP
(black dots). Note that states S4 and Sg lie on points opposite to each other with respect to the S, axis. Therefore,
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Figure 5. (a) Experimental effective Mueller matrix images for the four-sector pattern. (b-e) Comparison
of the theoretical Mueller matrix averaged values. (f-h) Effective depolarizance (A1, Az, Az)and (i) effective
retardance (R).

the averaged states lie all on the S, axis with an effective DoP that changes gradually from one letter to the next
according to Eq. (17). In the extremes (letters D and N), the semi-difference phase is § = /4 and § = 37 /4,
hence their effective DoP isDoP(s ) = 1/ /2, while in the center (letter R) § = /2 and the output becomes fully
depolarized, DoPs,) = 0.

Figure 6d illustrates the measured effective parameter S, for input 45° linear polarization, which shows the
progressive change as we move along the word. The measured effective DoP s ), plotted in Fig. 6e, displays the

Scientific Reports|  (2021) 11:9415 | https://doi.org/10.1038/s41598-021-88515-x nature portfolio



www.nature.com/scientificreports/

Mueller Matrix, depolarizance and retardance averaged values

Theoretical Experimental

Sector #1 Sector #4
(Me,l) (Me,4>
1 100 o -002]o o001 JoO 0.04 1 1000 -o002] o 0.03 0 —0.08
0 -001]1 o095 Jo o000 JO —006 0 —-001|1 0.93 0 0.08 0 0.03
0 -000 o o014 1 099 |o 0.16 0 —0.17]0 0.06 0 0.02 | 0.71 0.65
0 -009 |o oo01 0o -007]l1 o095 0 -005]0 001 ]-071 —0.62] 0 —0.00
R Ay A, As R Ay A, As

0 0.057[| 0 0.05| 0 0.08| 0 0.05| |0.57‘[ O.48n| 0 ! 0.06 | 0.29 | 0.35 | 0.29 | 0.37

Sector #2 Sector #3
(Me,z) (Me,3>
1 1000 -o002] o —o001] 0o —o0.06 1 100 o —o001 |0 —000]o0 —o001
0 -002]1 095] 0 002 0 —0.01 0 —002]1 o094 [0 -o001]o0 005
0 001 ]o o012]071 077] o 0.01 0 —001L]o 009 J|o -o0o00|0 001
0 -006]0 —000] 0 0.02 | 0.71 0.79 0 -006]lo0 000 [o -001]0 -o0.00
R A A, As R A A, As
0 | 0.04rm | 0 | 0.05 | 0.29 | 0.22 | 0.29 | 0.20 | | - o0 007] 1 098] 1 ! 098

Table 1. Experimental and theoretical effective Mueller matrices, depolarizance (A1, A;, A3) and retardance
(R) averaged values, as presented in Fig. 5.
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Figure 6. (a,b) Phase pattern images encoding a text, with indication of the phase levels, (c) theoretical S,
Spand (S, ) Stokes parameters on the Poincaré sphere for each letter and for an input SoP linear at +45°, (d)
experimental effective Stokes parameter S of the output beam, and (e) experimental effective DoP s, ).
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Figure 7. (a,b) Phase pattern images encoding a spiral distribution, with indication of the phase levels. The red
arrows denote the sense where the phase increases. (c) Experimental effective Stokes parameter S,, when the
incident beam is linearly polarized at + 45° and (d) experimental effective DoP s,y image.

expected behavior: DoP s ) takes the largest value in the letters at the extremes while gradually decreases to the
center, reaching the minimum value at the central letter (R).

CASE llI: spirally shaped depolarization. As a final example, we generate a DoP spiral pattern. In the
same way as spiral phase patterns are basic elements in vortex and vector beam generation, which have become
much popular in the last decades, it might be interesting to explore the possibility of using DoP as an additional
degree of freedom in the numerous applications of such singular beams*.

To probe the effective realization of a DoP spiral pattern, we designed the two phase-patterns ¢4 (x) and
¢p(x) shown in Fig. 7a,b, where the retardance increases azimuthally from 27 to 5/2 (starting on the y-axis)
and decreases from 27 to 37 /2, respectively. The averaged retardance is ¢ = 2. Considering an input linear
state at + 45°, the effective Stokes parameters are (S.) = [1,0, S¢2, 0] T where S, changes azimuthally, as demon-
strated experimentally in Fig. 7c. As it is observed, S¢; & 1 at the top of the image and continuously decreases
with the azimuth angle, reaching S.» & 0 at the opposite direction. The experimental effective DoP in this case
coincides with the S,; parameter, presenting a depolarization azimuthally variant-pattern, as shown in Fig. 7d.
The depolarizing pattern shows a maximum DoP s,y & 1at the top of the image, where § is zero, and a minimum
DoPs,) & 0at the bottom of the image, where § = 7/2. Thus, at the center there is a polarization singularity, in
this case encoded in the DoP function.

Conclusion
In summary, we have demonstrated a spatially controlled depolarization emulator based on a LCOS-SLM that
is addressed with a time-varying gray level pattern, thus encoding a time-varying pixelated linear retarder. This
allows us to perform spatial light patterns where both the state of polarization and the degree of polarization
can be controlled at will.

As a proof-of-concept, three depolarization spatial patterns are realized. We name the system a “depolariza-
tion emulator” because the LCOS-SLM operates at very low rate; hence, large integration times are required in
the polarimetric procedure. Nevertheless, the experimental results in this proof-of-concept demonstrate the
realization of spatially varying light patterns with controlled DoP, and equivalent results could be obtained with
faster SLMs, like ferroelectric liquid-crystal devices.

We describe the polarization transformations for a linear retarder depolarizer consisting in a two-level retard-
ance time-varying pattern. An analysis of the time averaged Mueller matrix and its implications on the Poincaré
sphere transformations is provided. We have shown that the output effective polarization state is governed by
the averaged retardance ¢, while the degree of polarization is governed by the retardance semi-difference §.

Finally, we have shown the generation of different spatial patterns with a controlled variation of the DoP (a
four-sector pattern, a text, and a spiral pattern). The polarization properties of the output light beam were verified
by imaging the SLM screen onto a polarizing camera and applying a complete Mueller matrix imaging pola-
rimetry procedure. In all cases the measured polarization parameters agree very well with the expected results.

While spatial incoherent coupling depolarization methods are very effective to depolarize a single beam, the
proposed technique allows applying a different temporal depolarization effect in different pixels, thus generating
different DoP at different points of a given sample. This is a unique characteristic that could not be accomplished
with a spatial incoherent depolarizer. It might be interesting for instance in testing imaging polarimeters as well
as in applications where a controlled depolarization is needed, especially in situations where a spatial pattern or
image is required. The system can also be very relevant in investigating the different origins of depolarization
and its relationship with the different depolarization parameters.

R d: 22 Feb

2021; A ted: 12 April 2021

References
1. Goldstein, D. H. Polarized Light (Marcel Dekker, 2010).
2. Azzam, R. M. A. & Bashara, N. M. Ellipsometry and Polarized Light (Elsevier, 1996).
3. Bueno, J. M. Polarimetry using liquid-crystal variable retarders: Theory and calibration. J. Opt. A Pure Appl. Opt. 2, 216-222.
https://doi.org/10.1088/1464-4258/2/3/308 (2000).

Scientific Reports |

(2021) 11:9415 | https://doi.org/10.1038/s41598-021-88515-x nature portfolio


https://doi.org/10.1088/1464-4258/2/3/308

www.nature.com/scientificreports/

4. Uribe-Patarroyo, N. et al. IMaX: A polarimeter based on liquid crystal variable retarders for an aerospace mission. Phys. Stat. Sol.
C5,1041-1045. https://doi.org/10.1002/pssc.200777771 (2008).

5. Peinado, A, Lizana, A, Vidal, J., Lemmi, C. & Campos, J. Optimization and performance criteria of a Stokes polarimeter based
on two variable retarders. Opt. Exp. 18, 9815-9830. https://doi.org/10.1364/OE.18.009815 (2010).

6. Jaulin, A., Bigué, L. & Ambs, P. High-speed degree-of-polarization imaging with a ferroelectric liquid-crystal modulator. Opt. Eng.
47, 033201. https://doi.org/10.1117/1.2894811 (2008).

7. Van Eeckhout, A. et al. Polarimetric imaging of biological tissues based on the indices of polarimetric purity. J. Biophotonics 11,
€201700189. https://doi.org/10.1002/jbio.201700189 (2018).

8. Kupinski, M. et al. Polarimetric measurement utility for pre-cancer detection from uterine cervix specimens. Biomed. Opt. Exp.
9, 5691-5702. https://doi.org/10.1364/BOE.9.005691 (2018).

9. Vizet, J. et al. In vivo imaging of uterine cervix with a Mueller polarimetric colposcope. Sci. Rep. 7, 2471. https://doi.org/10.1038/
541598-017-02645-9 (2017).

10. Wang, J. S., Costelloe, J. R. & Stolen, R. H. Reduction of the degree of polarization of a laser diode with a fiber Lyot depolarizer.
IEEE Phot. Technol. Lett. 11, 1449-1451. https://doi.org/10.1109/68.803075 (1999).

11. Bene, L. et al. Depolarized FRET (depolFRET) on the cell surface: FRET control by photoselection. Biochim. Biophys. Acta 322-334,
2016. https://doi.org/10.1016/j.bbamcr.2015.12.003 (1863).

12. Hwang, T. Y,, Shin, H., Kang, J., Lee, B. & Guo, C. One-step fabrication of bi- and quad-directional femtosecond laser-induced
periodic surface structures on metal with a depolarizer. Appl. Surf. Sci. 493, 231-238. https://doi.org/10.1016/j.apsusc.2019.07.
025 (2019).

13. Sharma, S. et al. Input polarization-independent polarization-sensitive optical coherence tomography using a depolarizer. Rev.
Sci. Instrum. 91, 043706. https://doi.org/10.1063/5.0001871 (2020).

14. Burns, W. K. Degree of polarization in the Lyot depolarizer. J. Light. Technol. 1, 475-479. https://doi.org/10.1364/A0.23.003284
(1983).

15. Lizana, A. et al. Arbitrary state of polarization with customized degree of polarization generator. Opt. Lett. 40, 3790-3793. https://
doi.org/10.1364/0L.40.003790 (2015).

16. Kanseri, B. & Gupta, R. Observation of Pancharatnam-Berry phase for unpolarized and partially polarized light fields. Results Opt.
2,100048. https://doi.org/10.1016/j.rio.2020.100048 (2021).

17. Ortega-Quijano, N., Fade, J., Parnet, F & Alouini, M. Generation of a coherent light beam with precise and fast dynamic control
of the state and degree of polarization. Opt. Lett. 42, 2898-2901. https://doi.org/10.1364/OL.42.002898 (2017).

18. Zhang, D. et al. Cholesteric liquid crystal depolarizer. Opt. Eng. 46, 070504. https://doi.org/10.1117/1.2756073 (2007).

19. Wei, B. Y. et al. Liquid crystal depolarizer based on photoalignment technology. Photon. Res. 4, 70-73. https://doi.org/10.1364/
PRJ.4.000070 (2016).

20. Mar¢, P. et al. Monochromatic depolarizer based on liquid crystal. Curr. Comput.-Aided Drug Des. 9, 387. https://doi.org/10.3390/
cryst9080387 (2019).

21. Lizana, A. et al. Time-resolved Mueller matrix analysis of a liquid crystal on silicon display. Appl. Opt. 47, 4267-4274. https://doi.
org/10.1364/A0.47.004267 (2008).

22. Clemente, P. et al. Use of polar decomposition of Mueller matrices for optimizing the phase response of a liquid-crystal-on-silicon
display. Opt. Express 16, 1965-1974. https://doi.org/10.1364/OE.16.001965 (2008).

23. Peinado, A, Lizana, A. & Campos, J. Use of ferroelectric liquid crystal panels to control state and degree of polarization in light
beams. Opt. Lett. 39, 659-662. https://doi.org/10.1364/OL.39.000659 (2014).

24. Amako, J., Miura, H. & Sonehara, T. Speckle-noise reduction on kinoform reconstruction using a phase-only spatial light modula-
tor. Appl. Opt. 34, 3165-3171. https://doi.org/10.1364/A0.34.003165 (1995).

25. Liu, S.-J., Wang, D,, Li, S.-J. & Wang, Q.-H. Speckle noise suppression method in holographic display using time multiplexing.
Opt. Commun. 436, 253-257. https://doi.org/10.1016/j.0ptcom.2018.12.038 (2019).

26. Chipman, R. A. Depolarization index and the average degree of polarization. Appl. Opt. 44, 2490-2495. https://doi.org/10.1364/
A0.44.002490 (2005).

27. Van Eeckhout, A. et al. Synthesis and characterization of depolarizing samples based on the indices of polarimetric purity. Opt.
Lett. 42, 4155-4158. https://doi.org/10.1364/OL.42.004155 (2017).

28. Rosales-Guzmin, C., Ndagano, B. & Forbes, A. A review of complex vector light fields and their applications. J. Opt. 20, 123001.
https://doi.org/10.1088/2040-8986/aaeb7d (2018).

29. Piquero, G., Martinez-Herrero, R., de Sande, J. C. G. & Santarsiero, M. Synthesis and characterization of non-uniformly totally
polarized light beams: Tutorial. J. Opt. Soc. Am. A 37, 591-605. https://doi.org/10.1364/JOSAA.379439 (2020).

30. Lu, S. Y. & Chipman, R. A. Interpretation of Mueller matrices based on polar decomposition. J. Opt. Soc. Am. A 13, 1106-1113.
https://doi.org/10.1364/JOSAA.13.001106 (1996).

31. Lopez-Morales, G., Sanchez-Lépez, M. M., Lizana, A., Moreno, I. & Campos, J. Mueller matrix polarimetric imaging analysis of
optical components for the generation of cylindrical vector beams. Curr. Comput.-Aided Drug Des. 10, 1155. https://doi.org/10.
3390/cryst10121155 (2020).

32. ArcOptix, Variable phase retarder (accessed 2 November 2020); http://www.arcoptix.com/variable_phase_retarder.htm.

33. Davis, J. A. et al. Analysis of a segmented g-plate tunable retarder for the generation of first-order vector beams. Appl. Opt. 54,
9583-9590. https://doi.org/10.1364/A0.54.009583 (2015).

34. Lopez-Morales, G., Sinchez-Lopez, M. M. & Moreno, I. Liquid-crystal polarization state generator. In Proc. SPIE of the Uncon-
ventional Optical Imaging II, Vol. 11351 113511 (2020). https://doi.org/10.1117/12.2555697.

35. Davis, J. A., Tsai, P. S, Cottrell, D. M., Sonehara, T. & Amako, J. Transmission variations in liquid crystal spatial light modulators
caused by interference and diffraction effects. Opt. Eng. 38, 1051-1057. https://doi.org/10.1117/1.602149 (1999).

36. ForthD displays (accessed 3 January 2021); https://www.forthdd.com/products/spatial-light-modulators/.

37. Xun, X., Cho, D. J. & Cohn, R. W. Spiking voltages for faster switching of nematic liquid-crystal light modulators. Appl. Opt. 45,
3136-3143. https://doi.org/10.1364/A0.45.003136 (2006).

38. Espinosa-Luna, R. & Zhan, Q. Polarization and polarizing optical devices. In Fundamentals and Basic Optical Instruments, Hand-
book of Optical Engineering (ed. Herndndez, D. M.) (CRC Press, 2017).

39. Moallemi, P. & Behnampourii, M. Adaptive optimum notch filter for periodic noise reduction in digital images. AUT J. Electr. Eng.
42, 1-7. https://doi.org/10.22060/EE].2010.94 (2010).

40. Chen, P. et al. Digitalized geometric phases for parallel optical spin and orbital angular momentum encoding. ACS Photonics 4,
1333-1338. https://doi.org/10.1021/acsphotonics.7b00263 (2017).

Acknowledgements

This research was funded by Generalitat Valenciana, Conselleria d’Educacid, Investigacid, Cultura I Esport (Grant
PROMETEO-2017-154) and by Ministerio de Ciencia, Innovacién y Universidades, Spain (Grants RT12018-
097107-B-C31 and RT12018-097107-B-C33).

Scientific Reports |

(2021) 11:9415 | https://doi.org/10.1038/s41598-021-88515-x nature portfolio


https://doi.org/10.1002/pssc.200777771
https://doi.org/10.1364/OE.18.009815
https://doi.org/10.1117/1.2894811
https://doi.org/10.1002/jbio.201700189
https://doi.org/10.1364/BOE.9.005691
https://doi.org/10.1038/s41598-017-02645-9
https://doi.org/10.1038/s41598-017-02645-9
https://doi.org/10.1109/68.803075
https://doi.org/10.1016/j.bbamcr.2015.12.003
https://doi.org/10.1016/j.apsusc.2019.07.025
https://doi.org/10.1016/j.apsusc.2019.07.025
https://doi.org/10.1063/5.0001871
https://doi.org/10.1364/AO.23.003284
https://doi.org/10.1364/OL.40.003790
https://doi.org/10.1364/OL.40.003790
https://doi.org/10.1016/j.rio.2020.100048
https://doi.org/10.1364/OL.42.002898
https://doi.org/10.1117/1.2756073
https://doi.org/10.1364/PRJ.4.000070
https://doi.org/10.1364/PRJ.4.000070
https://doi.org/10.3390/cryst9080387
https://doi.org/10.3390/cryst9080387
https://doi.org/10.1364/AO.47.004267
https://doi.org/10.1364/AO.47.004267
https://doi.org/10.1364/OE.16.001965
https://doi.org/10.1364/OL.39.000659
https://doi.org/10.1364/AO.34.003165
https://doi.org/10.1016/j.optcom.2018.12.038
https://doi.org/10.1364/AO.44.002490
https://doi.org/10.1364/AO.44.002490
https://doi.org/10.1364/OL.42.004155
https://doi.org/10.1088/2040-8986/aaeb7d
https://doi.org/10.1364/JOSAA.379439
https://doi.org/10.1364/JOSAA.13.001106
https://doi.org/10.3390/cryst10121155
https://doi.org/10.3390/cryst10121155
http://www.arcoptix.com/variable_phase_retarder.htm
https://doi.org/10.1364/AO.54.009583
https://doi.org/10.1117/12.2555697
https://doi.org/10.1117/1.602149
https://www.forthdd.com/products/spatial-light-modulators/
https://doi.org/10.1364/AO.45.003136
https://doi.org/10.22060/EEJ.2010.94
https://doi.org/10.1021/acsphotonics.7b00263

www.nature.com/scientificreports/

Author contributions

D.M.,, G.L.M., MM.S.L. and .M. conceived the original idea. G.L.M. developed the software and the data analysis.
G.L.M. and D.M. carried out the experimental results. D.M., A.L. and ].C. completed the theoretical analysis. All
authors analyzed and discussed the experimental results and assisted in writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.M.S.-L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:9415 | https://doi.org/10.1038/s41598-021-88515-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Customized depolarization spatial patterns with dynamic retardance functions
	Methods
	Time averaged Mueller matrix. 
	Mueller–Stokes transformations. 
	Control of the degree of polarization. 
	Experimental setup. 

	Results and discussion
	CASE I: four sector patterns. 
	CASE II: text pattern encoded in DoP. 
	CASE III: spirally shaped depolarization. 

	Conclusion
	References
	Acknowledgements


