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Abstract

Polarization mapping plays a key role in modern photonics, as many advanced optical applications, ranging from vector
beam engineering to optical communication and material characterization, rely on precise knowledge of spatial polariza-
tion distributions. However, conventional mapping techniques often suffer from limitations such as multi-step measure-
ments, sensitivity to misalignment, or the need for bulky setups, making single-shot and high-resolution polarization
mapping particularly challenging. Here, we report a single-shot polarization mapping technique for parallel determination
of the polarization change introduced by an unknown optical birefringent element or even device (e.g. g-plates, spatial
light modulators). To achieve this, we used a 9x9 array of linearly polarized probe sub-beams to capture spatially resolved
polarization information in a single measurement, allowing the two-dimensional polarization distribution to be recon-
structed from just one data acquisition step. In this way, the measurement time is reduced while high spatial resolution is
preserved. To demonstrate the robustness of the technique, we present a measurement with commercially available polariz-
ing vortex plates, which convert linearly polarized light into radially or azimuthally polarized light, and the determination
of the polarization response of a commercially available spatial light modulator. The main advantage of the method is its
simplicity, achieved without sacrificing efficiency, which makes it readily accessible to any laboratory.

1 Introduction
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lated in a controlled way [1]. Without aiming for historical
completeness, it is worth mentioning a few key articles in
this field. Allen and co-authors introduced the concept of
Laguerre-Gaussian beams carrying orbital angular momen-
tum (OAM) [2]. Another work worth mentioning is a precise
overview paper devoted to the OAM beams and structured
light published by Padgett and co-authors in [3]. In contrast
to phase optical vortices, which carry helical phase fronts,
OAMa, and on-axis point singularities that result in donut-
shaped intensity profiles [4—6], polarization vortices are
characterized by different parts of the beam having differ-
ent polarizations [7]. For example, in the radially polarized
beams the electric field vectors point out from the beam
axis, while for the azimuthally polarized beams they circu-
late around the beam axis. In both cases, the polarization
singularity along the beam axis also leads to a circular trans-
verse distribution of the beam’s intensity. Highly structured
laser beams with complex properties, denoted as vector vor-
tex beams, can be generated by imprinting spatially varying
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polarization on phase optical vortices. Despite appearing
complex at first, Liu and co-authors have shown [§] that
vector vortex beam can be decomposed into a vector beam
and an optical vortex. As a consequence, its generation can
be realized by sequentially using a g-plate and a spiral phase
plate. To avoid leaving the impression that these beams are
of academic interest only, it should be noted that they also
find application in high-resolution microscopy [9], material
processing (since, e.g., they focus more tightly than Gauss-
ian beams [10]), for increasing data capacity via OAM mul-
tiplexing (also called mode-division multiplexing (MDM),
[11]), and in quantum optics [12], just to mention a few.

In this sense, optical elements introducing spatially vary-
ing birefringence due to their spatially varying optical axes
orientations are very useful, especially if they can be recon-
figured. Such elements are often denoted as g-plates [13,
14] or polarizing vortex plates. Essentially, the g-plate con-
sists of an anisotropic liquid crystal film with a nonrandom
local molecular orientation sandwiched between two glass
plates [13]. An important parameter for such an element is
the birefringent phase retardation of the film, which can be
modulated by an applied external electric field [14]. Switch-
ing between suitable voltages can turn e.g. a left (right) cir-
cular polarization beam with zero OAM into a right (left)
circular polarization beam with OAM equal to 2¢h (or to
-2gh) [13]. Other highly flexible devices used in the experi-
mental practice for generating (phase-)structured beams
are the liquid crystal spatial phase modulators (SLMs). The
SLMs are however polarization-sensitive devices [15], and
their polarization characterization is of undoubted interest
(see e.g. [16]). When switched off, the reflective phase-only
SLM is acting as a mirror. When turned on and not pro-
grammed with any phase distribution, it should not alter the
beam’s polarization, provided that the input polarization is
aligned along the optical axis of the liquid crystal molecules.
For angles of incidence less than 10° the retardance depen-
dence on this angle is expected to have negligible effect on
the phase modulation response of the display [17].

To precisely estimate any potential changes in the beam’s
polarization caused by the SLM or other birefringent ele-
ments, polarization mapping techniques can be employed.
Polarization mapping refers to the measuring and visualiz-
ing the spatial distribution of the polarization state across a
light beam. It reveals how polarization varies from point to
point in space showing, e.g., regions with radial, azimuthal,
or elliptical polarization [18-20]. Single-shot determina-
tion of spatially varying polarization states of light in time
is important in many fields of physics, medical diagnostics,
industrial manufacturing, and product quality assurance
(see e.g. [21, 22] and the references therein).

Looking towards the field of the snapshot polarimetry,
without any claim for completeness, we will mention some
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of the recent achievements. In [21] it is shown that the
space-varying geometric phase and the space-varying con-
trast of the interference pattern obtained using a polarized
reference light beam can provide complete information on
the spatially varying polarized light. This is achieved in a
Mach-Zehnder interferometric arrangement by recovering
spatially varying polarized light generated by a SLM. In
[23] a single-path setup is presented, composed by a SLM
and a tunable retarder. The authors demonstrate spatial
polarization modulation of the input beam for interferom-
eter-free probing of the medium’s polarization characteris-
tics. The four Stokes parameters (corresponding to a sum
or difference of measurable intensities) precisely describe
the polarization state of the electromagnetic (optical) waves.
Generally, the simultaneous recording of the Stokes parame-
ters using cameras relies on one of the following approaches
— division of amplitude (DoA) or division of focal plane
(DoFP). In the DoA imaging approach, multiple synchro-
nized cameras are used, each one with its own polariza-
tion element, as well as beam splitters to form the distinct
channels [24]. Again in [24], the authors report a technique
based on a homogeneous dispersive retarder placed before
a polarization sensor to harness wavelength-dependent
retardation, thus enabling the differentiation of polarization
states across the sensor’s color channels. Assuming weak
wavelength dependence of polarization for incoming light,
this method facilitates the real-time, simultaneous measure-
ment of the complete Stokes vector of incident light as well.
In [25], using the DoFP approach, the authors demonstrate
a single-shot full-Stokes imaging polarimeter. In essence,
it consists of color polarization sensors composed by on-
chip lens array, four color filters and sets of four identical
micro wire-grid polarizers behind each filter, all packaged
on top of the camera sensor. The device is shown to be able
to capture local intensity, color, and polarization of a 2-D
optical field in a single shot of measurement. Even through
still challenging to design and expensive to produce, polar-
ization arrays based on metasurfaces, offer an alternative
approach by employing polarization sensitive metasurfaces
to direct light to different pixels on an image sensor accord-
ing to various polarization bases [26, 27]. Another interest-
ing work worth mentioning here is [28]. Here the authors
demonstrated a single-shot full-Stokes polarimeter based on
a disordered twisted nanohole array in a combination with a
deep learning algorithm.

In this paper we focus on an elegant single-shot approach
to map the polarization distribution introduced by opti-
cal elements with spatially varying birefringence. A key
element in the experimental setup is a diffractive optical
element (DOE) that transforms the incident (Gaussian)
laser beam into an ordered array of 9 x 9 (Gaussian) sub-
beams with nearly equal power and identical polarization.
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The polarization (e.g. linear) of each of the 81 sub-beams
changes depending on the birefringent properties of the
medium/element and the specific point/region through
which the individual sub-beam passes. The optical scheme
ends in the classic way — with an analyzer and a CCD cam-
era. The local change in the polarization is determined by
the local change in the peak intensity of the sub-beams. For
a precise birefringence measurement with increased number
of points one can either use a denser array or use a DOE that
can be rotated stepwise in a controlled manner (however at
the cost of giving up the single-shot mode). The simplicity
of the presented optical scheme and the requirement for only
one distinct yet commercially available element make the
method accessible to any laboratory. The single-shot mode
of operation is especially valuable in situations where the
birefringence changes within timescales of the order of and
longer than the response time of the used CCD camera. In
our case the fluctuations of the sub-beams in space and time
are averaged over the exposure time of the detector only
(typically within 125 ms = (1/8) s for the cases reported
here). In our view, this method is straightforward, yet accu-
rate and cost-effective alternative to commercially available
birefringence imaging systems suitable for measuring e.g.
space-varying dynamic stress-induced birefringence.
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Fig. 1 Test for the quality of the used analyzer and for the degree of
polarization of the laser beam. Hollow circles — recorded transmis-
sion of the analyzer illuminated with the linearly polarized beam of
a Nd:YVOy laser at 532 nm when changing the orientation of the
analyzer in 10°-steps. Red solid curve — the cos?(a + 45°) function
corresponding to the Malus’s law (in this case — at a constant angular
offset of 45°)

2 Experimental setup and results
2.1 Experimental scheme and test results

The initial phase of this analysis involves testing the polar-
ization of the used continuous-wave laser (Nd:YVOy laser
with an intracavity generation of a second harmonic, emit-
ting at a wavelength of 532 nm) and the available analyzer
(LPVISE100-A, Thorlabs). As known, according to the
Malus’s law the intensity of the light transmitted by the
analyzer must vary as the square of the cosine of the angle
between the plane of polarization of the laser beam and the
transmission plane of the analyzer. In Fig. 1, the hollow cir-
cles represent the transmission of the analyzer as its orienta-
tion monotonically changes in 10°-steps. Red solid curve in
the same figure is the cos?(a + 45°) function correspond-
ing to the Malus’s law, where « is the angle of orientation of
the analyzer. (The constant angular offset of 45° is just visu-
ally shifting the data/curve and has no other physical mean-
ing). The good agreement between the experimental data
and the theoretical curve indicates that the used laser beam
and the analyzer have high degree of polarization (>100:1
for the laser according to the manufacturer’s data sheet)
and reliable analyzing properties (extinction ratio >1000:1).
With this in mind, Fig. 2a shows the first experimental setup
designed to realize the so-called trivial beam multiplication.

The purpose of this setup (see Fig. 2a) is to introduce
and visualize to the reader the expected behavior of the
used diffractive optical element (DOE, MS-254-Q-Y-A,
HOLO/OR) and commercially available vortex polarization
plates (¢g-plates, WPV10L-532 and WPV 10-532, Thorlabs).
Briefly, the linearly polarized Gaussian laser beam passes
through the test plate (TP; vortex polarization plate) and,
depending on its type, is transformed into either polarization
optical vortex (OV) of order g=1 or into OV of order g=2
(here g denotes the order of the obtained polarization vortex
beam). The DOE simply replicates this single vortex beam
into a 9x9 array of secondary OV beams with g=1 (frame
(b) in Fig. 2) or into array of OVs of order g=2 ((frame (c)
in Fig. 2)). As the secondary array of beams is divergent,
a focusing lens L with a suitable focal length should be
used to collimate it. In our case, lens with a focal length
f = 15 cm is chosen so that the parallel array of secondary
beams correctly maps onto the CCD camera’s photodiode
matrix (1600x 1200 pixels, each of size 4.4 ym X 4.4 um).
If an analyzer is placed in front of the CCD camera, depend-
ing on its orientation, it will transmit only the components
of the field corresponding to its orientation. Fig. 2 shows
the power density distributions of the polarization vortices
behind the rotating analyzer RA positioned at 0°, 45°, 90°,
and 135°, for polarization charges g=1 (frames (b1)-(b4))
and for ¢g=2 (frames (c1)-(c4)), respectively. The results
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Fig. 2 (a) Experimental setup for
trivial beam multiplication show-
ing the expected behavior of the
used DOE. TP — test birefringent
plate generating polarization OVs
of orders g=1 or g=2. DOE — dif-
fractive optical element creating an
array of 9 x 9 identical secondary
beams. L — thin lens (f = 15 cm).
RA — Rotating analyzer. CCD —
charge-coupled device camera. (b)
and (c¢) — multiplication of polar-
ization OVs of orders ¢g=1 (b) and
g=2 (c)ina 9 x 9 array. Dashed
rectangle — 4 OVs analyzed by
rotating the RA in 45°-steps (see
(b1-b4) for g=1 and (c1-c4) for
q=2)
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Fig. 3 (a) — Experimental setup for the single-shot polarization map-
ping of a commercially available polarizing plate of order g=1 used
as a test plate (TP). The DOE and the L create a collimated array of
9%9 array of identical, linearly polarized (Gaussian) test sub-beams
(panel (b)) probing different areas of the TP. (¢1) — CCD image of the

agree with the data known from the literature and are also
illustrated in Fig. S1 of the Supplementary material to the

paper.

2.2 Single-shot mapping of polarization plates with
g=1and g=2

Panel (a) of Fig. 3 shows the modified experimental setup
for single-shot polarization mapping in the case where
the polarization vortex plates are probed by the 9 x 9
array of secondary beams. Even though these are com-
mercially available polarizing plates with a known liquid
crystal orientation, we aim to demonstrate the robustness
of the discussed single-shot technique by testing elements
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9%9 array recorded after passing through the TP, but without being
analyzed by the RA. (¢2) — The polarization state of all beams is deter-
mined within a single shot using a stationary analyzer RA and a CCD
camera. Graph (d) — Retrieved transmission after the stationary ana-
lyzer vs. azimuthal angle

with known polarization behavior before applying it to an
unknown birefringent element.

In more details, the linearly polarized Gaussian laser
beam passes through the diffractive optical element DOE
and is split into 9 x 9 identical linearly polarized secondary
beams. In Fig. 3(b) all test beams are shown after collima-
tion with a lens of focal length f = 15 cm as projected on
the CCD camera chip without passing through a test ele-
ment. The beamlet spacing in the reported data is 0.8 mm,
the spot size — 107 pum. It can be reduced by using com-
mercially available DOEs generating denser array of e.g.
51 x 51 sub-beams (model MS-805-I-Y-A; HoloOr) or even
201 x 201 sub-beams (model MS-835-J-Y-X; HoloOr). An
alternative approach is to use a focusing lens of a shorter
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focal length, leading to a smaller offset between the sub-
beams of the array.

Figure 3(c1) shows the result when the 99 array of iden-
tical beams is transmitted through the test plate (TP). The
TP creates a polarization OV of order g=1. The central beam
of the array clearly shows a ring-shaped power density dis-
tribution, which is an indication of the presence of a singu-
larity. (This result alone, however does not reveal whether
the effect arises from polarization or phase singularity.) Let
us now align the rotation analyzer (RA) in the setup. We
continue to call it RA since it can, in principle, rotate, but
remains stationary during each measurement to allow for a
single-shot data acquisition. Figure 3(c2) shows the 9 x 9
array of test polarization-modulated sub-beams after pass-
ing through the RA and captured by the CCD camera in a
single frame. Each secondary beam, passing through the
stationary analyzer is transmitted differently, meaning that
each test sub-beam changed its polarization state depend-
ing on the local birefringence of the tested plate. The cen-
tral ring-shaped beam from Fig. 3(cl) is now transformed
into a structure resembling the Hermite—Gaussian mode
HGo;, indicating the presence of a polarization singularity
rather than a phase dislocation (see Supplementary material
for further details). The changes in the transmission of the
remaining test sub-beams (Fig. 3(c2)) follow the Malus’s
law. All this confirms the expected behavior of the tested
element (WPV10L-532 — g-plate generating a polarization
OV of the order g=1).

In all presented measurements, the central peak from the
9 x 9 array was aligned to be modulated by a polarization/
phase singularity. The plates used to generate polarization
vortices, and the spatial phase distributions of the phase vor-
tices on the SLM (see Sect. 2.3), were expected to modu-
late the signal azimuthally, not radially. Assuming this, the
secondary beams falling within the same radial cross-sec-
tion (i.e., under the same azimuthal angle) were averaged
in intensity, and the data in the graphs are presented as a
function of the azimuthal angle. To graphically visualize
the potential phase shift due to spatially dependent birefrin-
gence, we compared the experimental data with Malus’s
law. Generally, for more complex distributions of birefrin-
gence, the complete characterization of the polarization
state must be achieved by measuring the Stokes parameters
and visualizing them accordingly.

Before recording the intensity distribution behind the
analyzer, we paid attention to ensure that none of the sec-
ondary beams of the 9 x 9 array is saturated. The relatively
weak (< £5%) fluctuations in the intensities of these beams
originating from the used diffractive optical element could
be considered by normalizing the particular data recorded
after the analyzer to reference data recorded without any test

plate. We refrained from doing so, adhering to single-shot
data acquisition.

In Fig. 3(d), with hollow circles we show the retrieved
transmission for each individual peak of the array presented
in Fig. 3(c2) after analyzed by the RA as a function of the
azimuthal angle. Here, the ’azimuthal angle’ is defined as
the angle through which an imaginary horizontal line, start-
ing from the center of the structure and pointing to the right
is rotated counter-clockwise to pass through the selected
test peak. This method of determining the azimuthal angle
at which each sub-beam is 'mapped’ explains the some-
what uneven distribution of experimental points along the
curve in Fig. 3(d). The number of these experimental points
(marked with hollow circles on the graph) is obviously
less than 81, since at some angles of rotation relative to the
horizontal line, there is more than one test sub-beam. For
this reason, we plotted on the graph the average value of
their transmitted signals. The motivation behind such data
processing is the preliminary information for the test plate
which generates a polarization vortex. Let us remind that for
such a test plate, the expectation is that the birefringence in
the radial direction from the center of the plate will always
be the same [29] (and will change only in the azimuthal
direction).

In Fig. 4, following the same manner of presentation, we
show results from the single-shot mapping of a commer-
cially available polarization vortex plate (OV of order ¢g=2)
used again as a test plate. In panels (al)-(a3) of Fig. 4 we
show the power-density distributions of the 81 sub-beams
with locally modulated polarizations after passing through
the analyzer RA and recorded by the CCD camera, for three
different orientations of the RA — 0°, 45°, and 90°, respec-
tively. In each frame, the central peak of the array is split
into 4 sub-peaks and resembles a Hermite-Gaussian mode
HGj ;. This central structure rotates with rotating the RA,
as can be expected when analyzing a polarization vortex
of order g=2. The central structures shown in Fig. 4(al)
and (a3) can be compared with the theoretically generated
square amplitude moduli of an optical vortex with polar-
ization order ¢g=2 in two mutually perpendicular directions.
This is also shown in Fig. S1 of the Supplementary mate-
rial. The graph in Fig. 4(b) shows the retrieved transmission
of the sub-beams after the RA is kept at 0° (i.e. from the
data shown in Fig. 4(al)). Hollow circles denote the experi-
mental data, while the red solid curve is a plot of the func-
tion cos?(Azimuthal angle), where the azimuthal angle is
defined as above. Although the experimental points appear
more sparsely distributed as compared to these in Fig. 3(d),
this is merely a result of the larger number of peaks in the
curve. The comparison of the central structures in Fig. 4(al)
and (a3) and the frames (d2) and (e2) in Fig. S1 in the Sup-
plementary material, as well as the four peaks in the graph
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d .
0 deg. 45 deg.
Fig. 4 (al)-(a3) — Energy-density distributions of the 81 sub-beams
with locally modulated polarizations after passing through the ana-
lyzer RA and recorded by the CCD camera for three different orienta-
from the spatial light modulator

Laser '
(SLM) to the analyzer RA and

the CCD camera. (b1) and (b2) — a
Phase profiles of a phase OV with

a topological charge /=1 and /=2,

respectively

Fig.5 (a) — Experimental setup for
single-shot polarization mapping
of a reflective SLM (used as a bire-
fringent samples). The introduced
non-polarizing beam splitter (BS)
redirects part of the reflected signal

in Fig. 4(b) confirm that the tested birefringent plate cre-
ates a polarization vortex of order g=2. The polarization
behind the TP changes azimuthally, remaining constant in
radial direction when the azimuthal angle does not change.
To summarize the results presented so far, the tested opti-
cal elements demonstrated the expected performance when
studied with the suggested polarization mapping technique.
An increased number of independent spatial samples can be
obtained by giving up the single-shot mode of the operation,
controllably azimuthally rotating the array of sub-beams to
(1/n)-th of the angular spacing between two sub-beams thus
achieving more experimental points and smoother curves.

2.3 Polarization mapping of the LCoS display of a
spatial light modulator

In Fig. 5(a) we show the modified experimental setup for
single-shot polarization mapping of reflective birefringent
elements (in this case a reflective spatial light modulator). It
is similar to this shown in Fig. 3(a). The only difference is
the aligned non-polarizing beam splitter redirecting part of
the reflected signal from the spatial light modulator (SLM)
to the analyzer RA and the CCD camera. The SLM is com-
mercially available, built using the Liquid-Crystal-on-Sili-
con (LCoS) technology. It has an active area of 15.36 mm
x 8.64 mm (nominal resolution 1920 x 1080 pixels), pixel
pitch 8.0 pm, fill factor of 93% and an image frame rate of
60 Hz. The DOE-to-L and the L-to-CCD camera distances
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are kept the same as in the setup presented in Fig. 3(a). For
the following measurements, we programmed the SLM
with the phase distributions of OVs of different topologi-
cal charges [. Panel (bl) in Fig. 5 shows the spiral phase of
an OV with /=1, while panel (b2) — the spiral phase of OV
with [=2. When the SLM is programmed with such phase
distributions, the point phase dislocations cause amplitude
modulation of the input Gaussian beam with an initially
smooth wavefront which results in the generation of phase
optical vortex. More detailed information on this is given
in Fig. S2 in the Supplementary material. In general, liquid
crystal phase modulating SLMs could suffer from crosstalk
between adjacent pixels. The pixel crosstalk is caused by
voltage changes across the border of neighboring pixels
and by elastic forces in the liquid crystal material prevent-
ing spatial variations in the phase modulation (see e.g. [30,
31] and the references therein). As a result, the actual phase
modulation of a pixel depends on the voltage applied to
the neighboring pixels. On the other hand, pixels near the
physical edges of the SLM display suffer from asymmetry
of their surroundings which are different for pixels near the
central part of the display. In our measurements we delib-
erately avoided positioning of sub-beams near the edges of
the SLM display. Additionally, when more than one sub-
beam was located along the same radial cross-section (i.e.,
under the same azimuthal angle), they were averaged in
intensity, thus reducing the potential influence of the SLM’s
peripheral areas. The used spiral phase distributions in the
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Fig.6 Upper frames — phase distribu-
tions of a singly-charged OV (/=1, left)
and of a two-fold charged OV ( =2,
right) encoded on the tested reflective
phase-only SLM. Lower frames — arrays
of sub-beams (initially linearly polarized
Gaussian beams) after reflection from the
SLM, transmission through the analyzer
(RA), and final capture by the CCD
camera, for OVs with /=1 (left array)

and /=2 (right array). The orange dashed
sectors are intended to mark intervals of
greyscale levels on the phase distribu-
tions and regions on the SLM which
non-negligibly rotate the polarizations of
the probe sub-beams

90
0.6 120 7T 60
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0.0 180
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—o—- 0OV TC=2
270 o ®=0

Fig.7 Polar plot of the angular distribution of the reflected signal from
the SLM retrieved from a single-shot when programming the SLM
with the phases of OVs with topological charges /=1 (black open
triangles) and /=2 (red open circles). The black/red solid curves are
intended to guide the eye underlying the well pronounced azimuthal
asymmetry of the curves. Purple solid dots — recorded data when
the SLM is switched off thus acting as a mirror, introducing a con-
stant phase. Purple dashed circle — the theoretically ideal case of no
birefringence

presented experiment do not contain high spatial frequen-
cies (i.e. frequent abrupt phase changes) except the 0-2m
transition. Our approach for compensating the crosstalk in
this specific region relies on fine tuning the "dark and bright
voltage" making phase 0 and 27 indistinguishable and thus
no radial modulation is observed in the intensity distribution
of the optical vortex. Other methods are discussed in [30]
where the authors use iterative algorithms to compensate for
the crosstalk effects, which are unfortunately not applicable
for single-shot measurements.

Figures 6 and 7 summarize the results obtained with the
reflective phase-only SLM. It displayed unexpected bire-
fringent properties. The phase distributions shown in the
upper row of Fig. 6 are asymmetric in size matching the

rectangular full HD array of liquid crystal pixels. The phase
distribution shown in the upper left frame in Fig. 6 was used
to generate optical vortices with topological charge /=1 in
the reflected beam, while the phase distribution in the upper
right frame was used for optical vortices with topological
charge [=2. Although not related to the present analysis,
we would like to mention that pure phase modulation with
point phase singularities and spiral phases leads to ampli-
tude modulations in the reflected beams, characteristic for
the optical vortices (sometimes referred to as “donut-shaped
beams”). In Fig. S2 in the Supplementary material to this
paper we show more information regarding the generation
of phase optical vortices. The essential (raw) experimental
data are shown in the bottom two panels of Fig. 6. They
demonstrate the modulation of the arrays of sub-beams
(initially linearly polarized Gaussian beams), after they are
simultaneously reflected from the SLM (encoded with a
vortex phase distribution), then transmitted through the ana-
lyzer RA, and finally captured by the CCD camera.

Let us take a closer look at the lower left frame of Fig. 6,
captured when the SLM is programmed with the phase dis-
tribution of OV with topological charge /=1. The phase var-
ies once from 0 to 27 in the azimuthal direction, around the
vortex axis. The point phase dislocation is in the center. The
result of its presence is the optical vortex, which can be seen
in the central sub-beam of the array. All other sub-beams
of the array do not carry any phase dislocations but occupy
areas with different phase values. Since the sub-beams are
much narrower than the aperture of the modulator, we can
assume that the phase across each sub-beam is almost con-
stant, but different for the different sub-beams (depending
on the programmed grey level). Surprisingly, after passing
through the stationary analyzer (RA) the sub-beams reveal a
position-dependent birefringence. Particularly pronounced
is the decrease in the intensities of the sub-beams within the
area of the sectors outlined with a orange dashed triangle in
the left frames of Fig. 6.
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The lower right frame in Fig. 6 represents the case when
the SLM was programmed with the phase distribution of an
optical vortex with topological charge /=2 (see the upper
right frame in the same figure). The central ring-shaped
beam from the array carrying the vortex with topological
charge 2 is particularly interesting. Since OVs with higher
topological charges are more sensitive to weak modulations
[32] (e.g., from incident continuous radiation, weak reflec-
tions, asymmetry relative to the axis of the carrier sub-beam,
or pixel cross-talk), the double-charged vortex has decayed
into two singly-charged vortices with well-separated dark
cores. For the rest sub-beams forming the array is observed
similar behavior as for the case of the mapping of /=1. Here,
for [=2, however, the spatially distributed birefringence is
mapped differently by the sub-beams, as seen by their notice-
ably different intensities after passing through the analyzer
(RA). In this case, two areas with reduced peak intensities
are visible and marked by orange dashed triangles.

Important conclusion drawn from the data is that even
at normal incidence (well below the 10° limit reported in
[17]) the tested liquid crystal phase-only SLM introduces
non-negligible birefringence. It is important to emphasize
that the observed spatially distributed birefringence refers to
the spatially varying birefringence arising from the spatially
distributed electrical signals applied to the liquid crystal
pixels to achieve the desired phase profile.

Figure 7 visualizes graphically the results obtained in
Fig. 6. The polar plot shows the angular distribution of
the reflected signal from the SLM retrieved from a single-
shot when the SLM is switched off (solid purple dots) and
when programmed with the phase distributions of OVs with
topological charges /=1 (black open triangles) and /=2 (red
open circles). When the SLM is switched off, it is acting
as a mirror introducing a constant phase shift. The purple
dashed circle represents the theoretically ideal case of no
birefringence. Unfortunately, it can be seen that at a con-
stant phase the experimental points are not located exactly
on the purple circle. This is because the used DOE gener-
ates an array of 9 x 9 sub-beams with slightly different peak
intensities (variation typically below < +5%). (Of course,
the recorded intensities of the sub-peaks in the presence of
birefringence could be normalized to the unperturbed peak
intensities, but we refrained from doing that.) The black/red
solid curves connecting the points are intended to guide the
eye only, underlying the azimuthal asymmetry of the curves.
Azimuthal asymmetry of the signals transmitted through
the analyzer means that the signals reflected from the SLM
are with changed polarizations. For /=1, the polar plot in
Fig. 7 shows an one-sided ’flattening’ of the curve, which is,
roughly speaking, D-shaped. At /=2, there are two ’tighten-
ings’ and the curve resembles the number 8. These ’tight-
enings’ are at different places along the modulator aperture

@ Springer

and, therefore, are not due to its local features, but are a
characteristic of the modulator’s response to specific volt-
ages applied to reorient the liquid crystals.

3 Conclusion

In this study, we presented a simple yet effective technique
for simultaneous (single-shot) mapping of the polarization
changes induced by birefringent optical elements includ-
ing the polarization response of reflective (or transmissive)
phase-only spatial light modulators. This is achieved using
the combination of a diffractive optical element generat-
ing arrays of 9 x 9 secondary linearly polarized Gaussian
sub-beams, an analyzer and a CCD camera. If the spatially
dependent change in the polarization is constant in time,
more experimental data can be derived per curve, simply
by abandoning the single-shot mode and rotating the dif-
fractive optical element to a second or to more positions. If
the polarization change is relatively slow (longer than the
time it takes for the used camera to capture more frames) the
single-shot mode would allow mapping of birefringence in
both space and time. In this sense, we believe that we have
demonstrated a straightforward and effective approach for
single-shot polarization mapping, that can be modified for
measuring dynamic space-varying birefringence.
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