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1. Introduction

Polarization is an essential property of light, and measuring the
polarization state fast and precisely is an important issue in
many scientific research fields, such as ellipsometry!"), remote
sensing!?, optical communication", and biomedicine!*. One
conventional way for polarimetry is to measure the intensity
change when the polarized beam is modulated by rotating opti-
cal components'™®, and the Stokes parameters can be obtained
by analyzing the temporally varying intensity. Another polari-
metric way is to split the input beam into several channels,
and its polarization state can be obtained by analyzing each
channel with different polarization optics'”’. Unfortunately,
the method of rotating optical components is not stable, and
it is only suitable for static or slowly varying processes. The
multi-channel scheme is competent for real-time monitoring,
but it is usually sensitive to the fluctuations of the optical
source’s wavelength and output power, and, moreover, its con-
figuration is usually complicated and difficult to adjust™®).

To overcome the adverse effects of conventional methods and
to satisfy the increasing demands for fast and precise measure-
ment, researchers have proposed many new polarimetric
schemes, such as a liquid crystal retarder (LCR) polarim-
eter'>""] interferometric polarimeter!'*'*!, metasurface-based
polarimeter!’>~'”), and spatially modulated polarimeter!"®'],
The spatially modulated scheme may be an easy and efficient
method in polarimetric measurement, which has the potential
to simplify system configuration and decrease the measurement
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We report a spatially modulated polarimetry scheme by using a zero-order vortex half-wave retarder (ZVHR) and a spatial
Fourier analysis method. A ZVHR is employed to analyze the input polarized light and convert it into a vectorial optical field,
and an analyzer is set after the ZVHR to form an hourglass intensity pattern due to the spatial polarization modulation. Then,
the input light's Stokes parameters can be calculated by spatial Fourier analysis of the hourglass pattern with a single shot.
The working principle of the polarimeter has been analyzed by the Stokes-Mueller formalism, and some quantitative meas-
uring experiments of different polarization states have been demonstrated. The experimental results indicate that the
proposed polarimeter is accurate, robust, and simple to use.
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time. Many spatially modulated polarimeters have been
achieved by using various optical components, including polari-
zation gratings'>’ ), Savart polariscopes'>***), and birefringent
prisms>>?°). However, few study has adequately explored
the possibility that the vortex retarder'””’ can be a very simple
and efficient optical device to realize spatial modulation in
polarimetry.

The vortex retarder is a special wave plate that has a constant
retardance across the clear aperture, but its fast axis rotates con-
tinuously along the azimuth!*”), so an ordinary polarized light
can be converted into a vectorial optical beam**?! by the vortex
retarder. The spatial inhomogeneous polarization distribution
of the vectorial optical beam provides the possibility for spatial
modulation, rather than temporal modulation in traditional
polarimetry, which can be helpful to achieve better stability
and less measurement time.

In our earlier research, a spatially modulated ellipsometric
scheme by using a vortex retarder has been demonstrated theo-
retically’®®, but the measurement result was extracted from two
intensity images, and the optical components also needed to be
rotated, which limited the measurement speed and stability
severely. In this Letter, we explored the possibility of the vortex
retarder for polarimetric measurement and experimentally
demonstrated a spatially modulated polarimetry scheme based
on a vortex retarder and a spatial Fourier analysis method, which
can achieve simultaneous measurement of the Stokes parame-
ters at a single shot.
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2. Theoretical and Experimental Investigation

The schematic of the experimental setup is shown in Fig. 1,
which includes two parts, the polarization state generation
(PSG) system and the polarization state detection (PSD) system.
In the PSG system, an ordinary He-Ne laser with the wavelength
of 632.8 nm was employed as an optical source, and an integrat-
ing sphere and a positive lens (focal length 100 mm) were uti-
lized to produce a uniform and nearly collimated light field for
spatial polarization modulation. The incident beams with differ-
ent states of polarization (SOPs) were generated by a linear
polarizer (Thorlabs, LPVISE100-A) and a quarter-wave plate
(Thorlabs, WPQ10E-633), which were mounted on the motor-
ized rotation stages (Thorlabs, KPRMI1E). In the PSD system,
the zero-order vortex half-wave retarder (ZVHR) (Thorlabs,
WPVI10L-633) was utilized to convert the unknown input
polarized light into a vectorial optical field, and an hourglass-
shaped intensity distribution can be obtained when this vectorial
optical field is analyzed by a linear polarizer (Thorlabs,
LPVISE100-A)%*!. A scientific complementary metal-oxide—
semiconductor (CMOS) camera (Tucsen, Dhyana95) was uti-
lized to record the intensity distribution, and then the Stokes
parameters of the input light can be obtained based on the spa-
tial Fourier analysis of the hourglass intensity pattern.

The operating principle of our proposed polarimeter (PSD
system) can be analyzed with the Mueller matrix formula as

S"'=My - Mzyur - S, (D

where S=[S, S S, ST, S'=[Sy S S, S;]T are
the Stokes vectors of the input and output light; Mzyr and
M, are the Muller matrix of the ZVHR and the analyzer. In
the PSD system, the initial fast axis of the ZVHR and the trans-
mission axis of the analyzer are oriented at 0°, and Myzyyy is
given as

1 0 0 0
0 cos2¢p sin2¢p 0
Mzyur = ) , (2)
0 sin2¢p —cos2¢p O
0 0 0 -1
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Fig. 1. Schematic of our experimental configuration. IS, integrating sphere; L,
positive lens; P, polarizer; Q, quarter-wave plate; ZVHR, zero-order vortex half-
wave retarder; A, analyzer.
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where the variable parameter ¢ is the azimuth angle. The inten-
sity I(g) recorded by the camera is proportional to S, and can be
given as

I(¢) x Sy =Sy + S; cos 2¢ + S, sin 2¢. (3)

Equation (3) represents a truncated spatial Fourier series
whose coefficients are determined by the Stokes parameters of
the incident polarized beam!'”??), and these parameters can
be obtained by the spatial Fourier analysis of the outcome inten-
sity and described as

So =13 /%, I(p)dy
Sy =17 I() cos 2dg . (4)
S, = %ffﬂ I(@) sin 2¢de

If the first Stokes parameter is normalized (i.e., Sy = 1), and S;
and S, are also normalized with respect to S, then the fourth
Stokes parameter S; can be calculated as

S, = +/DOP? — § — &2, (5)

where the DOP is the degree of polarization of the input light.

However, the measured accuracy of Stokes parameters will be
impaired by many factors in real experiments, such as ambient
stray light, imperfections of optical components, and image
noise. The comprehensive effect of these adverse factors will
cause a decrease of the image contrast, even though the incident
light of the polarimeter is a fully polarized light, and the obtained
spatially modulated image will be similar to the situation where a
partially polarized light is input into the polarimeter. Therefore,
the measurement errors caused by the above adverse factors can
be calibrated by attributing them to the decrease of DOP, and the
actual DOP can be estimated by employing a typical linearly
polarized light with known polarization state as a probe light.
Since the parameters Sy, S;, and S, can be calculated by the pro-
posed scheme directly, the DOP of a linearly polarized probe
light can be obtained as

DOP = ,/$? + . (6)

Before the formal measurements, an arbitrary linearly
polarized light is employed as a probe light to estimate the cor-
responding DOP of the current environment, and the DOP
can be obtained according to Eq. (6) by using the measured
results of S, and S,. Based on the calibrating result of DOP in
the current measuring environment, the full Stokes parameters
of any incident light can be obtained according to the Eqs. (4)
and (5).

The basic working principle and measuring procedure of the
proposed scheme will be introduced as follows. Firstly, in the
PSG system, the transmission axis of the polarizer and the fast
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Fig. 2. Typical measured results of linearly polarized light. (a) The recorded
hourglass intensity image of horizontal linearly polarized light. (b) A ring RO
cut from (a). (c) The normalized intensity modulation curves as a function of
azimuth angle ¢ obtained from measured and theoretical images.

axis of the quarter-wave plate were rotated to 0° for generating a
horizontal linearly polarized input light, which was also
employed as the probe light to estimate the DOP. The input light
was modulated and detected by the PSD system, the correspond-
ing intensity image was recorded by the camera and shown in
Fig. 2(a), and the radius of the hourglass-shaped intensity image
is about 800 pixels. As shown in Fig. 2(a), the marginal and cen-
tral parts were not well modulated, owing to the vignetting effect
of the optical system and the imperfection of optical compo-
nents, so a ring area was cut from Fig. 2(a) and chosen as a region
of interest (ROI), which is beneficial for improving the measur-
ing accuracy and image processing speed. To make full use of the
modulated information in the image, a thicker ring area is
expected, but more defective pixels may be included at the same
time, which also limits the measurement accuracy. In our mea-
surement, the ring thickness was chosen as 200 pixels, and its
inner and outer radii were 300 pixels and 500 pixels, respectively,
which is shown in Fig. 2(b). To obtain the intensity modulation
curve I(¢), the integrals were performed from the center of the
ring image along the radius at each azimuth angle ¢, the integral
values at each azimuth angle are glued to form the integral curve,
and then the intensity modulation curve I(¢p) was obtained by
normalizing the integral curve. In the real measurement, these
procedures were achieved by performing 180 times Radon trans-
formations®>**! to the top half and the second half of the ring
image in Fig. 2(b) from 0° to 180° with a step of 2°. The normal-
ized intensity modulation curve was obtained when the
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minimum distance between the projection line and the origin
of the Cartesian coordinate was set to zero, and it is shown in
Fig. 2(c) as the red line. For the purpose of comparison, the theo-
retical intensity modulation curve was also simulated and is
shown in Fig. 2(c) as the blue line. It can be clearly found that
the measured intensity distribution had a similar tendency and
shape with its theoretical curve. Finally, the Stokes parameters of
the incident light were obtained by Fourier analysis of the mea-
sured intensity modulation curve I(¢), and the estimated DOP
was 0.9765 in the current measurement situation.

3. Results and Discussion

To validate the accuracy and feasibility of our polarimeter, the
quantitative polarization measuring experiments have been car-
ried out in two steps. At first, the incident beams with nine par-
ticular polarization states have been measured, including the 0°,
45°,90°, and 135° linearly polarized light. The left and right cir-
cularly polarized light and three elliptically polarized lights were
generated by the PSG system, and then they were examined by
the PSD system, respectively. The measured results have been
shown in Table 1.

It can be known from Table 1 that the measured Stokes
parameters of the incident light were consistent with their theo-
retical values, and the maximum measured error (MME) and the
average value of the absolute measured error (AVME) for the
nine measurements were 0.0385, 0.0333, and 0.0460 (MME of
S;, S,, and S;) and 0.0154, 0.0233, and 0.0224 (AVME of S,,
S,, and S3), respectively, which indicated that the presented
scheme is feasible, and its accuracy can meet the needs of general
polarization measurement.

To confirm the feasibility and accuracy of our polarimeter
further, more experiments have been carried out by changing
the polarization state of incident light regularly. In the PSG sys-
tem, the transmission axis of the polarizer was fixed at 20°, and
the fast axis of the quarter-wave plate was rotated from 0° to 180°
with a step of 5° to generate 37 different polarization states. The
Stokes parameters of the 37 incident beams were measured and
plotted in Fig. 3.

According to the experimental results shown in Fig. 3, we can
easily find that the measured results were well consistent with
the predicted values in both Stokes curves and the Poincaré
sphere, and the fitted curves based on these discrete experimen-
tal results were also well matched with the theoretically pre-
dicted results. Moreover, the MME and the AVME for 37
continuous measurements have also been calculated, and the
results were 0.0391, 0.0319, and 0.0555 (MME of S;, S,, and
S3),0.0252,0.0166, and 0.0203 (AVME of S}, S,, and S3), respec-
tively, which further indicated that the proposed scheme is avail-
able to measure the polarization state of the arbitrary polarized
beam accurately and conveniently.

In summary, 9 discrete measurements with typical SOPs and
37 continuous measurements have been performed successfully
to validate the feasibility of our polarimeter, and the results indi-
cated that the measured error range of three Stokes parameters
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Table 1. Measured Results of Incident Beams with Some Particular Polarization States.

S S, S,
SOPs Theoretical ~ Measured Error Theoretical ~ Measured Error Theoretical ~ Measured Error
Linear polarization 0° 1.0000 0.9757 —0.0243 0.0000 0.0327 0.0327 0.0000 0.0201 0.0201
45° 0.0000 —0.0047  —0.0047 1.0000 09764  —0.0236 0.0000 0.0132 0.0132
90° —1.0000 —0.9757 0.0243 0.0000 —0.0039  —0.0039 0.0000 0.0393 0.0393
135° 0.0000 —0.0110 —0.0110 —1.0000 —0.9754 0.0246 0.0000 0.0460 0.0460
Circular polarization Left 0.0000 0.0109 0.0109 0.0000 0.0168 0.0168 1.0000 0.9763 —0.0237
Right 0.0000 0.0385 0.0385 0.0000 —0.0m —0.0m —1.0000 —0.9757 0.0243
Elliptical polarization ~ Case 1 0.0000 —0.0107 —0.0107 0.8660 08342  —0.0318 0.5000 0.5075 0.0075
Case 2 —04330 —0.4267 0.0063 07500 0.7179 —0.0321 0.5000 0.5060 0.0060
Case 3 —0.1330 —0.1255 0.0075 —0.7544 —0.721 0.0333 —0.6428 —0.6464  —0.0036

was mainly between 0.01 and 0.05, which is acceptable in most
polarization measurement applications. However, some
unavoidable measurement errors still exist, and these errors
can probably be attributed to the misalignment of optical com-
ponents, the imperfections of optical components, the image
noise, and ambient stray light. The misalignment of the
ZVHR and the analyzer will cause the actual bright areas’ orien-
tation to deviate from the ideal position, and this would impair
the accuracy of the polarimeter. To improve the accuracy fur-
ther, the rotating stage with higher accuracy should be utilized
in calibration to decrease the influence of misalignment, and
better optical components and low noise camera should be
employed to improve the modulation quality of the intensity
image. Moreover, the whole polarimeter system can be encapsu-
lated in a closed tube to avoid the adverse effect of ambient
stray light.

Based on the theoretical analysis and operation procedure of
the polarimeter, it is not difficult to conclude that the vortex
retarder can be an efficient device for achieving spatial modula-
tion in a polarimeter, and the proposed polarimetry is a novel
scheme and easy to implement. This scheme has many distinc-
tive advantages. Firstly, the polarimeter can measure all of the
Stokes parameters of polarized light accurately at a single shot,
which has potential for fast and precise measurement. Secondly,
the configuration of our polarimeter is very simple; it only con-
sists of a vortex retarder, a polarizer, and a camera, which is
promising for miniaturization. Thirdly, no mechanical moving
part is needed in the polarimeter, and it is very stable and robust.
Moreover, the phase retardance change of the ZVHR caused by
wavelength drift has little effect on the modulated intensity
image, and the SOP can be measured from a single image.
Thus, the measurement results are insensitive to the wavelength
and power fluctuations of the light source.

However, this scheme still has some unpleasant defects, which
are that the current method is only applicable to completely
polarized beams, and the handedness of the input light cannot
be recognized. Since the fourth Stokes parameter S; is deter-
mined by Eq. (5), the estimations of DOP and S; of partially
polarized and unpolarized beams will be inaccurate, and the
left-handed and right-handed polarized light cannot be
distinguished. Fortunately, if a zero-order vortex quarter-wave
retarder (ZVQR) is employed to substitute the ZVHR in the
PSD system, in a similar way as it is done in a typical Stokes
polarimeter using a quarter-wave plate®), the intensity I(¢)
can be given as I(¢) x Sy + %Sl + %Sl cos2¢ + %Sz sin 2¢—
S; sin ¢. The direct measurement of all of the Stokes parameters
can be achieved, and the calibration of the DOP is not needed
anymore. Another limitation is that the presented polarimeter
is not suitable for spectroscopic measurement because the
ZVHR is a wavelength dependent device. To decrease its wave-
length dependence, a polarization axis finder (PAF) can be
employed to replace the ZVHR and analyzer in the PSD sys-
tem®®!), which provides a potential solution for developing a
spectroscopic polarimeter. Moreover, the measurement of the
SOPs is based on the Fourier analysis of the hourglass-shaped
intensity image, and a well-modulated intensity image is very
important for obtaining accurate measurement results; thus,
the incident light field should have a homogeneous polarization
state and nearly flat intensity distribution all over the captured
region. It is also regrettable that the current image processing
procedure is relatively slow, because the intensity modulation
curve I(¢) as a function of azimuth angle ¢ was obtained by per-
forming a series of Radon transformations around the ring
image. However, the measurement time can be decreased
remarkably if a more advanced image processing algorithm is
developed in our next version.
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Fig. 3. Experimental results measured from multiple regularly varied SOPs.
(a) Experimental (black star, S;; red circle, S;; blue triangle, S5 and theoretical
(black line, S; red line, Sy; blue line, Ss) Stokes parameters corresponding to
different SOPs. (b) Experimental (red star) and theoretical (blue line) data
shown on a Paincaré sphere.

4. Conclusion

In conclusion, a spatially modulated polarimetry scheme has
been demonstrated based on the vortex retarder and spatial
Fourier analysis. In a single acquisition of the spatially modu-
lated image, the four Stokes parameters of input light can be
measured, and the experimental results indicate that this
approach is accurate, feasible, and convenient for examining
the polarization states of light.
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