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Abstract: We propose a high-contrast polarimetric imaging coronagraph based on a vortex phase mask and liquid
crystal variable retarders, which takes advantage of the small inner working angle, high throughput, and large discovery
area of the vortex coronagraph. This design further improves imaging contrast by incorporating a polarimeter that uses
the intrinsic polarization differences between starlight and planetary light. The polarimetric module incorporates two
liquid crystal variable retarders operating simultaneously, eliminating the need for manual rotation and enabling both
observation and calibration modes. With a single exposure, it allows precise control of linear and circular polarization
states and enables full Stokes parameter measurements. Laboratory results demonstrate that the vortex coronagraph
achieves an imaging contrast on the order of 107® at an angular separation of 34/D in the visible band. After
integrating the polarimeter, the overall system achieves an imaging contrast of approximately 10~ across the entire
image plane at the same angular separation of 31/D. This offers significant advantages in enhancing high-contrast
imaging performance at small angular distance, and we expect it to provide a feasible technical solution for the direct

detection of aged Jupiter-like exoplanets.
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Since the discovery of 51 Pegasi b in 199501, the num-
ber of confirmed exoplanets has exceeded 6,000 to date,
detected with various observational techniques. Com-
pared with indirect detection methods, such as radial veloc-
ity[2! and transit(34], direct imaging provides more compre-
hensive physical information, including planetary tempera-
ture and atmospheric properties. Imaging observations, com-
bined with atmospheric spectroscopy on Earth-like plan-
ets located within the habitable zone, also offers the oppor-
tunity to detect potential biosignatures beyond the Solar
System. However, the brightness contrast between the star
and planet poses extreme challenges to direct imaging,
with a contrast of up to 10~ required in the visible wave-
length to detect aged Jupiter-like planetstS].

The coronagraph technique can effectively suppress
the glare of the host star, enabling the detection and analy-
sis of its exoplanets. In recent years, various coronagraph

design schemes have been widely proposed and
discussed[®. Among them, the vortex coronagraph pro-
posed by Mawet et al.l”l and Foo et al.[®] and experimen-
tally validated by Guyon[®l, is a type of phase mask corona-
graph with several advantages, including a small Inner
Working Angle (IWA), high throughput, and a large discov-
ery areal®9. It works by using the diffraction properties
of an optical vortex phase mask[!!:12] and includes a Lyot
stop to remove unwanted diffracted starlight from the imag-
ing system. Compared with the Four-Quadrant Phase
Mask (FQPM) coronagraph!!3], the focal-plane vortex
phase mask coronagraph avoids the intrinsic blind zones
caused by the phase discontinuities at the quadrant bound-
aries.

In 2008, Swartzlander et al. implemented a scalar vor-
tex coronagraph on a small telescopel!4], imaging a binary
star system with an angular distance of 1.41/D, achiev-
ing a 97% suppression of the primary star intensity with-
out affecting the secondary star. With technological
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advances, a new manufacturing technique, based on birefrin-
gent Liquid Crystal Polymers (LCP), has been developed
to create vector optical vortex masks. Based on the Pan-
charatnam-Berry phase principlel!s], these spatially vary-
ing birefringent elements generate the vortex phase. In
2010, Mawet et al. created a high-performance vector vor-
tex coronagraphl!®l, achieving a laboratory contrast on the
order of 107 at 31/D over a 15% bandwidth, with a
best result of 2x107® for a 5% equivalent bandwidth.
On-sky observations detected a known brown dwarf with
an angular distance of approximately 2.51/D from its
host star, with a contrast of about 3x 107, Another type
of vector vortex coronagraph is the Annular Groove
Phase Mask (AGPM), created using sub-wavelength dia-
mond gratings. The first science-grade mid-infrared
AGPM was produced in 2012071 and validated on a test
bench, demonstrating a raw contrast of approximately
6x1075 at 21/D. In recent years, AGPMs have been
deployed on several mid-infrared instruments, including
the Very Large Telescope (VLT) instruments: VLT
Imager and Spectrometer for mid-Infrared (VISIR),
NAOS-CONICA (NACO), and Large Binocular Tele-
scope Mid-Infrared Camera (LMIRCam)!'81,

The practical performance of coronagraphs is funda-
mentally limited by speckle noisel!?-201, It has been shown
that stellar light and speckle noise are typically unpolar-
ized, whereas light reflected from exoplanetary atmo-
spheres or circumstellar disks shows significant polariza-
tion[?!]. Therefore, introducing a polarimeter downstream
of the coronagraph can further improve the imaging con-
trast by exploiting the intrinsic polarization differences
between the star and the planet. Numerical simulations by
Stam et al. demonstrated that the degree of polarization
shown by Jupiter-like exoplanets can reach up to approxi-
mately 60% at phase angles near 90°[22]. Currently,
polarimeters have been used in practical observational sys-
tems and have achieved promising results. For example,
in 2015, Perrin et al.[?3] proposed the design of the polariza-
tion measurement mode of the Gemini Planet Imager
(GPI) on the Gemini telescope. GPI suppresses non-polar-
ized speckles by a factor of 200, and the Spectro-Polarimet-
ric High-contrast Exoplanet REsearch (SPHERE) instru-
ment / Zurich Imaging Polarimeter (ZIMPOL) on the
VLT has achieved a contrast of approximately 10761241, In
2022, Xin et al.[2] from the Yunnan Astronomical Observa-
tory, Chinese Academy of Sciences, developed the single-
beam polarimeter at the Cassegrain focus of the 2.4 m
Lijiang Telescope. For a target with a V-band magnitude
of V = 11.68, the system uncertainty for a 10 s exposure
is below 0.8%, enabling high-precision polarization mea-
surements. In 2023, Qiu et al. from the National Astronomi-
cal Observatories, Chinese Academy of Sciences,
designed a dual-channel polarimetric photometer with
time-sequential modulation for the 2.16 m telescope,
enabling V-band linear polarimetry and rapid multi-band
photometric observations.

In this work, we propose a high-contrast polarimetric
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imaging coronagraph, based on a vortex phase mask and
Liquid Crystal Variable Retarders (LCVRs), with suffi-
cient contrast to achieve approximately 10~° at 31/D
across the entire image plane. This system is expected to
provide a feasible technical solution for the direct detec-
tion of aged Jupiter-like exoplanets.

The polarimetric imaging vortex coronagraph com-
bines high-contrast imaging with full-Stokes polarimetry.
The vortex phase mask suppresses on-axis starlight while
preserving off-axis signals. Liquid crystal variable
retarders provide the phase modulation, and the modula-
tion—demodulation scheme enables reconstruction of the
Stokes parameters from intensity measurements.

The principal components of our proposed high-con-
trast imaging system are a vortex-based coronagraph and
an LCVR-based polarimeter (see Fig. 1). In the testbed,
two laser light sources at a wavelength of 633 nm, out-
put by individual single-mode fibers, are used to simu-
late stellar and planetary light. The two point light
sources are first collimated by lens L1 and then pass
through an aperture stop to simulate the entrance pupil, fol-
lowed by imaging with lens L2. The vortex phase mask is
located at the focal plane of lens L2, causing vortex
phase modulation of the incident beam, and a Lyot stop is
then used to block the diffracted stellar light. The Lyot
stop is positioned in a collimated beam path. The beam is
re-collimated by lens L3, passes through the Lyot stop,
and is subsequently re-imaged by lens L4 to form the coro-
nagraphic focal-plane image. The beam then enters the
polarimetric system. After collimation by lens L5, two
LCVRs are introduced. By applying controlled voltages,
the phase retardance of the LCVRs can be adjusted to mod-
ulate the polarization state of the incident light. The modu-
lated beam is subsequently split into two orthogonally polar-
ized components by a Wollaston prism and finally imaged
onto a Charge-Coupled Device (CCD) detector via lens
L6. The imaging contrast can then be further improved
using polarimetry.

The coronagraph modulates the phase of the incident
light by introducing a vortex phase mask at the focal
plane, redistributing most of the starlight to the outer
regions of the pupil. In combination with a Lyot stop, to
block this diffracted light, it effectively suppresses the
diffraction from the central star. The polarimeter is based
around a pair of LCVRs for polarization modulation and
a Wollaston prism for dual-beam polarization analysis.
The two LCVRs are operated simultaneously, eliminating
the need for mechanical rotation for switching the measure-
ment of Stokes Q or U components, which denote the lin-
ear polarization states in the Stokes vector. A single expo-
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Fig. 1. Optical layout diagram of the vortex polarimetric coronagraph.

sure per modulation state can consequently give precise con-
trol of both linear and circular polarization states, allow-
ing measurement of the complete set of Stokes parame-
ters. The system can operate in observation mode and cali-
bration mode. For comparison, Ren et al.[2] proposed in
2019 that combining a vortex coronagraph with a polarime-
ter could achieve a contrast better than 10~'! at small
inner working angles in the visible band. Their system
employed one LCVR, measuring the polarization of
Stokes Q or U by manually changing the fast-axis orienta-
tion angle of the LCVR. Our dual-LCVR scheme differs
in that it requires no mechanical rotation.

The vortex coronagraph uses a transparent focal-plane
phase mask that introduces a helical phase term, ™, to
the incoming wavefront, where 6 is the azimuthal coordi-
nate and [ is the topological charge describing the num-
ber of helical phase windings imparted by the vortex
phase mask. This singular phase structure leads to com-
plete destructive interference at the center, causing the inten-
sity to drop to zero and creating a dark core. The dark
core propagates stably along the optical axis and is pre-
served during transmission[?’], In the ideal case, on-axis
starlight is entirely suppressed, but signals from resolv-
able planets remain unaffected, enabling detection of
nearby Earth-sized planets and similar objects.

Optical vortices are characterized by dark channels
with destructive interference that nullify coherent light. A
single optical vortex at the center of a scalar monochro-
matic beam, propagating in the z-direction, can be
expressed in cylindrical coordinates (p,¢,z)[28], as

E(r,¢,2) = A(r,2) exp(il$) exp(=ikz), M

where A(r,7) is a circularly symmetric amplitude function,
k=2mn/A is the wavenumber, and [ is the topological
charge.

The key polarization components of the proposed
polarimetric system consist of two LCVRs and one Wollas-
ton prism. Traditional mechanical modulation schemes
achieve different modulation states by rotating the
retarders, but mechanically rotating structures limit the mod-
ulation speed and easily cause image motion at the focal
plane. With the development of Liquid Crystal (LC) tech-
nology, LCVRs acting as electrically tunable wave plates

have become a powerful alternative to conventional rotat-
ing polarization optics.

The Wollaston prism is primarily used to generate
dual beams for polarization modulation, avoiding the need
for manual rotation of a polarizer. In this configuration,
polarization subtraction processing is not used[23%], The
polarimetric system adopts a Stokes-balanced modulation
scheme. To retrieve the Stokes parameters, four images
are recorded under four distinct modulation states. By
employing the Imaging Magnetograph eXperiment
(IMaX) modulation strategy, the polarization modulation
efficiency can be maximized while maintaining the fast-
switching capability of the LCVRs[3!l. The retardance com-
binations of LCVR 1 and LCVR 2, corresponding to the
four modulation states, are (315°, 305.264°), (315°,
54.736°), (225°, 125.264°), and (225°, 234.736°).

Within the experimental setup, the output Stokes vec-
tor, Sou, is related to the input vector Si, byl32l, and can
be expressed as

Sou = Mw - MyLcvra - MLcvri * S in, 2

where Mjcvr and Mw are the Mueller matrices of the
LCVRs and the Wollaston prism, respectively.

The Wollaston prism produces two simultaneous
orthogonally polarized beams, which correspond to the
intensities of the two orthogonal polarization images.
Then, by observing the intensities of two orthogonally
polarized images in different states, demodulation can
yield the four Stokes parameters corresponding to these
polarization states.

Our study involves comprehensive experimental charac-
terization of the proposed system, including laboratory
tests of the vortex coronagraph as well as integrating the
polarimeter downstream of the coronagraph. For the
polarimeter system, calibration procedures are required,
including the retardance calibration of the LCVRs and the
calibration of the instrument Mueller matrix.

For the experimental tests, we used a Thorlabs zero-
order LCP vortex half-wave retarder, with a topological
charge of /=2 and an operating wavelength of 633nm,
as the vortex phase mask. This was mounted on a three-
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axis fine translation stage and positioned at the focal
plane to ensure precise alignment between the center of
the Point Spread Function (PSF) and the center of the
phase mask. We used a Lyot stop, with a diameter of
approximately 80% of the original entrance pupil, in the
subsequent pupil plane, to block diffracted starlight redis-
tributed outside the geometric pupil. In the vortex corona-
graph, the on-axis stellar PSF is modulated at the center
of the vortex phase mask. After propagating to the pupil
plane, the majority of the on-axis stellar light is diffracted
beyond the pupil boundary and then suppressed by the
Lyot stop, leaving the off-axis planetary light largely unaf-
fected. We subsequently characterized the performance of
the vortex coronagraph through both simulation and experi-
ment. The LCP element functions as a phase plate, with
its phase varying azimuthally with the angle 6, described

by ™, as shown in Fig. 2.
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Fig. 2. The phase distribution (Left) and intensity distribution
(right) of the /=2 LCP vortex phase mask.

To measure the contrast of the coronagraph, we first
record the intensity of the light source without the vortex
phase mask. Because the original source intensity was
high, we avoided image saturation by using a Neutral Den-
sity (ND) filter with an optical density, OD =4, and a
short exposure time of 5ms. The recorded image corre-
sponds to the original PSF. Subsequently, after aligning
the optical path of the vortex coronagraph, we removed
the ND filter, and with the same exposure time, we
recorded the PSF suppressed by the vortex coronagraph.
All images were corrected by subtracting the correspond-
ing averaged dark frames. Where I is the peak intensity
of the PSF without the vortex phase mask and . is the
peak intensity with the vortex phase mask in place, the
intensity attenuation, defined as the coronagraphic con-
trast, is given by I./I, with correction applied for attenua-
tion introduced by the ND filter, when applicable. This per-
formance evaluation quantifies the ratio between the maxi-
mum intensity of the coronagraphic PSF and that of the
non-coronagraphic PSF, characterizing the stellar light sup-
pression capability of the coronagraph3l. As shown in
Fig. 3, the vortex coronagraph achieves a contrast better
than 107 (i.e., on the order of 107°) at an angular dis-
tance of 34/D in the visible wavelength (633 nm).

The LCVR controls the light beam by altering the retar-
dance through the applied voltage. Consequently, it is neces-
sary to obtain the voltage—retardance calibration data for
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Fig. 3. Experimental contrast curve of the vortex coronagraph.
The vortex coronagraph can achieve a contrast of 10 at an
angular distance of 31/D in the visible wavelength (633nm).

each LCVR prior to experimentation.

The LCVR to be calibrated is placed between the polar-
izer and the Wollaston prism, with the fast axis of the
LCVR oriented at 45° relative to the reference direction
+Q. The retardance, ¢, can be calculated from the transmit-
ted intensity ratio I, /1134, using the relation

N

Nm+2tan™! T N=0,2,4,---
o] = I (3)

T
(N+1)n—2tan™! /I—L, N=1,3,5,"-.
Il

The retardance, 6, for the extrema of the left and
right spot intensities, /, and /|, are integer multiples of
m, while the crossing points correspond to half-integer mul-
tiples of m. This method is suitable for evaluating the N
value. Starting from the high-voltage end, the extrema of
I, can be sequentially associated with retardances of m,
2x, 3w, and so on.

In the LCVR calibration, the applied driving voltage
ranges from OV to 7V, and the CCD camera is used to
acquire images corresponding to each voltage. The cali-
brated LCVR retardance is then interpolated with a step
of 0.001V, matching the minimum resolution of voltage
output. The calibration results of the two LCVRs are
shown in Fig. 4. Table. 1 lists the four voltage values
required for each LCVR to generate the desired retar-
dance in the polarization modulation.

The optical components in the entire system may intro-
duce additional polarization and affect measurement accu-
racyl33l. Consequently, we employ a calibration unit to cali-
brate the instrument and determine its Mueller matrix,
that is, a linear polarizer and a zero-order quarter-wave
plate are inserted into a parallel optical path upstream of
the main optical path, acting as the calibration unit. This
generates a series of known polarization states as inputs
to the system.

The input Stokes vector, S, of the light and the mea-
sured Stokes vector, S’, follow the relation
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Fig. 4. LCVR retardance calibration curves. The upper panel
shows LCVR 1, and the lower panel shows LCVR 2, indicating
a nonlinear relationship between applied voltage and
generated retardance.

Table 1. The four groups of voltages determined from LCVRs
calibration.

LCVRI Retardance(A°) 315 315 225 225
Voltage(V) 1311 1311 1.806  1.806
LCVR2 Retardance(A®) 305.264 54.736 125264 234.736
Voltage(V)  1.163  3.658 2.021  1.421
S'=M,---My-M;-S =M;-S, (4)

where M ... M, are the Mueller matrices of the optical ele-
ments, and M; is the Mueller matrix of the instrument.

When the linear polarizer of the calibration unit is
fixed horizontally (6, =0), and the fast axis of the quar-
ter-wave plate, 6;, rotates from 0° to 180° in increments
of 5°, the input Stokes vector can be described as

1
Iy cos? 26;
Sin=M:(6;) - My(6)) -S = 2| sin26;cos26; | ©)
sin26;

Fig. 5 shows theoretical input values from the calibra-
tion unit, the experimentally measured values from the
entire system, and the calibrated values obtained using the
instrumental Mueller matrix. The Stokes vectors after cali-
bration are in good agreement with the ideal values.

Based on the above formulas and the data shown in

Fig. 5, the instrument's Mueller matrix can be calculated
as

1 0 0 0
M= 0.0288 09742 0.0667 0.0113 6)
! -0.0424 -0.0464 0.8324 0.0077 |
-0.0017 0.0212 0.0260 1.0049

After applying this Mueller matrix to linearly polar-
ized incident light, we compare the calibrated measure-
ment values with the theoretical input values, yielding a
Root-Mean-Square (RMS) deviation of approximately
0.3%. After applying the Mueller matrix correction
described above, the measurement accuracy for incident lin-
early polarized light is notably improved.

For the Polarimetric Imaging Coronagraph System,
after carefully aligning the LCP vortex phase mask in the
vortex coronagraph, we installed the polarimetric module
directly after the coronagraph in the optical path. We then
used custom LabVIEW software to enable synchronized
operation of the LCVRs and the CCD, ensuring correct
image acquisition during the polarization modulation pro-
cess, sequentially applying voltage sequences from Table.
1 to the two LCVRs. For every modulation state, the two
beams separated by the Wollaston prism were captured by
the CCD. The polarization contrast is given by the ratio
between the residual starlight PSF in the reconstructed
polarization image and the initial starlight PSF[26]. First,
we acquired the original PSF image. To avoid image satura-
tion, we used a ND filter with OD = 4, and a shorter expo-
sure time of 5Sms. After aligning and optimizing the
entire optical system, we applied four groups of voltages
to the two LCVRs, with the only illumination coming
from the stellar light. For each voltage setting, we
recorded 500—1000 images, with a fixed exposure time to
reduce readout noise. All images were dark-frame cor-
rected using a master dark frame calculated from 100 con-
secutively acquired dark frames. The residual polarized
image was obtained through polarization modulation, yield-
ing the Stokes Q component. We derived the final con-
trast curve of the entire system by comparing the PSF of
the demodulated Stokes Q component with the peak inten-
sity of the original stellar PSF.

To further suppress the camera readout noise, we
applied a 2x2 pixel binning mode, further improving the
achievable contrast. The resulting contrast curve is shown
in Fig. 6. The combined system achieves a contrast bet-
ter than 107 at an angular distance of 31/D, and a mean
contrast of 4 x 10~ over the range from 3 to 101/D.

In another test, both the stellar light and the plane-
tary light were simultaneously switched on, with the plane-
tary light simulated using a Thorlabs laser identical to
that of the stellar light. To implement the desired polariza-
tion state of the planetary light, we installed a polarizer
(with an orientation previously calibrated and initially set
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Fig. 6. Experimental contrast curve of the polarimetric

imaging coronagraph system. The system achieves a mean
contrast of 4x 10~ over the range from 3 to 104/D.

at 0°) after the laser, producing the intended linear polariza-
tion. To calibrate the polarization characteristics of the sim-
ulated planetary light, we used the polarimeter to mea-
sure its Stokes parameters (I, Q, U, V). The polarizer
was then rotated to achieve the target polarization state.
For example, when the polarizer was rotated to 45°, the
measured Stokes parameters were approximately (1, 0, 1,
0). Subsequently, we calibrated the intensity ratio between
the stellar and planetary beams under the same exposure
time, by measuring their intensity ratio with the aid of
ND attenuation filters. Then, the planetary signal was
observed to verify the system performance. The left panel
of Fig. 7 shows the original PSF, where the stellar light is
dominant and the planetary signal is completely buried.
The middle panel shows the PSF after introducing the vor-
tex coronagraph, in which the stellar light is significantly
suppressed, although the planetary signal is still not visi-
ble to the naked eye. Next, we introduced a polarimeter sys-
tem downstream of the vortex coronagraph (see Fig. 1 for
the complete setup), performing polarimetric detection by
applying four different voltage sets to the two LCVRs,
with 100-500 images recorded for each voltage set. The
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images were processed according to the polarization demod-
ulation method described above, and the resulting polariza-
tion image clearly reveals the presence of the planet, as
shown in the right panel of Fig. 7. The planet is located
at approximately 4—54/D from the star. The polarimetric
differential technique provides an additional contrast
improvement of approximately a factor of 100.

Fig. 7. The original PSF (left), the PSF recorded using the
vortex coronagraph (middle), and the image observed after
further polarization processing (right).

In this paper, we present a high-contrast polarimetric
imaging vortex coronagraph system. By modulating the
focal-plane phase with the vortex phase mask, diffracted
stellar light is suppressed, and by adjusting the voltage
applied to the LCVRs, their phase retardance can be
rapidly tuned, to modulate the incident light. Laboratory
experimental results show that the vortex coronagraph
achieves a contrast of 107® at an angular distance of
34/D in the visible band. When combined with the
polarimeter, the overall system is capable of providing a
contrast of approximately 10™° at small inner working
angles across the entire image plane.

The vortex phase mask coronagraph offers a small
inner working angle, high optical throughput, and a large
discovery area. The dual-LCVR configuration eliminates
the need for mechanical rotation and supports both observa-
tion and calibration modes. With appropriate modulation,
it enables precise control of linear and circular polariza-
tion states and allows the measurement of the full set of



Stokes parameters within a single exposure sequence.
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