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Abstract

We present SQUIDPOL, a low-cost, multi-channel optical imaging polarimeter that performs simultaneous linear polarization
measurements using a rotating half-wave plate, a non-polarizing beam splitter, and four wire-grid filters. We show that the
multilayer dielectric coating of the off-the-shelf non-polarizing beam splitter introduces different phase delays to the s- and
p-polarized components, which introduces polarization-dependent systematics that can bias polarimetric measurements if left
uncorrected. We quantify this effect for both transmitted and reflected beams and incorporate a correction scheme into the
data-analysis pipeline. On-sky validation demonstrates stable and reproducible performance, achieving a polarization accuracy
of op ~ 0.15% for bright polarimetric standard stars (V' ~ 2-3 mag). Mounted on the 60-cm Ritchey-Chrétien telescope (focal
length of 4200 mm, f/7) at the Pyeonchang Observatory of Seoul National University, SQUIDPOL provides an effective common

field of view of 13.5’ x 8.2’ with a pixel scale of 0.45" pixel ~! and supports standard B, V, Rc, and I filters.
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1. Introduction

Polarimetry has made significant contributions to observa-
tional astronomy, offering unique insights into the physical
properties of astronomical targets and their surrounding envi-
ronments. For example, measurements of stellar polarization
enable investigations of interstellar magnetic fields via the ex-
tinction and alignment of dust grains (Andersson et al. 2015).
Synchrotron radiation, which exhibits strong polarization as
a result of the relativistic motion of electrons in magnetic
fields, serves as a powerful diagnostic tool for magnetized en-
vironments, such as supernova remnants and active galactic
nuclei (e.g., Angel & Stockman 1980). In solar system sci-
ence, polarimetry also plays a crucial role. Light reflected
from airless bodies (e.g., asteroids and satellites) exhibits lin-
ear polarization that depends on surface properties such as
geometric albedo and particle size, allowing researchers to
infer the physical characteristics of their surfaces (e.g., Bach

TThese authors contributed equally to this work.

et al. 2024; Geem et al. 2024). Moreover, light scattered by
atmospheres or aerosols of planets in the solar and extrasolar
systems is polarized, which can be used to study atmospheric
composition, particle distribution, and radiative transfer pro-
cesses (Seager et al. 2000). Given these diverse applications,
polarimetry remains a fundamental observational technique in
both astrophysical and planetary research, providing critical
information that cannot be obtained through photometry or
spectroscopy alone.

To meet the aforementioned scientific requirements for as-
tronomical polarimetry, observatories worldwide have devel-
oped and operated dedicated polarimetric instruments. In gen-
eral, the degree of polarization of most astrophysical sources is
only a few percent. Therefore, it is essential to achieve the high-
est possible accuracy in polarimetric measurements. A simple
approach to polarimetry involves rotating a polarizer and ac-
quiring multiple exposures at different angles, from which the
degree of linear polarization can be derived. However, in such
systems, variations in atmospheric conditions between expo-
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SQUIDPOL: Seoul National University QUadruple Imaging Device for POLarimetry

sures can signi cantly degrade measurement accuracy, making
the results highly sensitive to atmospheric instability. To over-
come this limitation, conventional astronomical polarimeters
commonly employ polarization beam splitters (e.g., Wollas-
ton prisms, WPs) in combination with a phase retarder such
as a half-wave plate (HWP). These instruments enable the si-
multaneous sampling of orthogonal polarization components,
e ectively eliminating the in uence of short-term atmospheric
uctuations. As aresult, such systems can achieve polarimetric
precisions of the order of 0:15% (e.g., Akitaya et al. 2014).
However, this con guration, which uses a WP, entails
several technical challenges. First, the angular separation be-
tween the ordinary and extraordinary rays produced by the
WP is relatively small (typically less than 20 As a result,
a focal plane mask (sometimes referred to as a polarization
mask in the literature) is required to prevent overlap between
the two components, which in turn limits the e ective eld of
view (FOV) of the instrument. In addition, WPs are relatively
expensive and can impose a nancial burden on instrumenkigure 1. SQUIDPOL mounted on the 60-cm telescope at the
development budgets. Moreover, since WPs are fabricated U@yeongchang Observatory of SNU. The instrument is enclosed by
cementing two birefringent crystals together, they may su eran aluminum frame that supports the optomechanical structure.
from durability issues under thermal stress.
Inlight of these limitations, our research group has devel-2. Instrument Design
oped a low-cost polarimetric system with a moderately WldeIn this section, we describe the optical and optomechanical
FQV that does not employ aWP. We thus designed the nevy podesigns as shown below.
larimeter, the Seoul National University QUadruple Imaging
Device for POLarimetry (SQUIDPOL). This instrument em-
ploys a non-polarizing beam splitter (NPBS), four wire-grid 2-1. Optical Layout
lters (WGFs), and four CMOS imagers. WGFs are more Figure 2 illustrates the optical layout of SQUIDPOL. The band-
durable and cost-e ective than WPs, o ering alarge (i.e.,00 pass lters are the rst elements in the optical system. We
split angle, eliminating the need for a focal-plane mask, andnstalled an FLI Centerline CL1-10 lter wheel, which accom-
enabling a wider FOV. This con guration enables the simulta-modates ve 50 50 mm square lters in each of its two in-
neous measurement of the intensity of incident light in four poternal wheels. One wheel (wheel 0) contains Johnson-Cousins
larization directions, allowing for the simultaneous derivationB, V | R¢, and Ic band Iters, while the other wheel (wheel 1)
of the rstthree Stokes parameters (I, Q, and U) in a single exHolds a shutter, a WGF, and a U-band Iter. This con guration
posure. The recent reduction in the cost of high-performancellows for polarimetric observations and calibration using the
commercial CMOS cameras has signi cantly contributed toWGF in the B, V, R, and Ic bands, photometry in the U,
the feasibility of our design. In conventional polarimetric sys-B, V , R¢, and Ic bands, and the acquisition of bias and dark
tems, detectors were typically the most expensive componenframes using the shutter. We use the 27105 Classic UBVRI
and both the ordinary and extraordinary rays from the WP werejter set from Chroma Technology Corjp_ The Iters have
projected onto a single detector to minimize the developmengentral wavelengths and bandwidth (FWHM) of 0:360 m
cost. In contrast, our system leverages the a ordability of(0:066 m), 0:440 m (0:094 m), 0:550 m (0:088 m),
modern CMOS sensors, enabling each polarization channel ©:640 m (0:138 m), and 0:790 m (0:149 m) for the U,
be recorded with its own dedicated detector. B, V, Rc, and Ic bands, respectively. We con rmed, based
We developed SQUIDPOL at the Gwanak Campus ofon the manufacturer's measurements, that leakage outside the
Seoul National University (SNU) until early 2024, and installed jntended wavelength ranges is not signi cant (well below 1%)
it on the 60-cm Ritchey-Chrétien telescope (the focal lengthover 300 1;200 nm for any of the Iters and would not a ect
of 4200 mm, f=7) at the Pyeongchang Observatory of SNUthe polarization degree.
(Figure 1) in July 2024. Since its installation, SQUIDPOL has Following the bandpass Iters, an Edmund Optics achro-
been used for observations of Solar System objects, particunatic half-wave plate (HWP) (#39-033) is positioned to rotate
larly comets, and the resulting scienti c outcomes have beenhe polarization ellipse of the incoming light with respect to its
published (Lim et al. 2025; Choi et al. 2026). In this paper, wefast axis. The HWP is mounted on a THORLABS ELL14 rota-
present the optical and optomechanical design of SQUIDPOLjon stage, which uses a resonant piezo motor to rotate optical
in Section 2. We then report the performance results based aslements with a resolution of 44 rad. By rotating the HWP
laboratory tests and on-site observations (Section 3). to 0 or 45, we can rotate the polarization direction of the

Ihttps://www.chroma.com/products/sets/27105-classic-ubvri-set
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Figure 2. Optical layout of SQUIDPOL. (a) Top view from the +X direction. (b) Isometric view. B1 is the rst branch re ected from the
NPBS, and B2 is the second branch, transmitted through the NPBS.

incident beam to Oor 90 , respectively, e ectively switching Camera 4, which receive the light re ected from WGF1 and
the camera that detects di erent components of polarized lighWWGF2. These additional WGFs lIter out light re ected from
from the same WGF (i.e., Camera 1 and Camera 2). This setupe glass side (back side) of the primary WGFs, which is
enables at- eld correction for each camera. polarized perpendicular to the light re ected from the wire
Immediately following the HWP, the Edmund Optics non- side (front side). For WGF3 and WGF4, we used 25-mm
polarizing beam splitter (NPBS) (#49-004) is placed. It is asquare custom-made WGFs produced by Meadowlark Optics,
glass cube that splits incident light into two perpendicularallowing us to orient the wires diagonally. This enabled a
optical paths without a ecting its polarization state. simpler and more compact design for the lIter holder.
For the detectors, we employed four ZWO ASI 294MM
Table 1. Transmittances and Re ectances of Wire Grid Filters cooled CMOS cameras, each with a sensor size of 19:4
(WGFs) based on our laboratory tests 13:0 mm. The cameras are synchronized to ensure simulta-
- neous exposure. They are operated in 4 4 binning mode,
Product Name T R TR resulting in an e ective pixel size of 9:2 m, which corre-
Edmund Optics #46-636 1.538 10 1.670108% 0.921 sponds to a pixel resolution of 0:%%hen mounted on the
Edmund Optics #48-545 245910 2.49210' 0.987  60-cm Ritchey-Chrétien telescope (i.e., the telescope with a
Meadowlark Optics (order-made) 1.968 102.615107 0.753  focal length of 4200 mm). The notation of the cameras (Cam-
era 1 through Camera 4) is also indicated in Figure 2.

a Aperture sum of the light transmitted through the WGFs in electron uhits,

aperture sum of the light re ected by the WGFs in electron units We evaluated the optical performance of the system us-

ing ZEMAX. First, we optimized the positions of each sensor
The rstpath (B1), which is re ected at 9oy the NPBS,  to minimize the radii of 80% encircled energy and analyzed
encounters a wire-grid Iter (WGF2), a glass plate with metal the resulting spot diagrams (Figure 3). The spot diagram for
wires aligned in a speci c direction. WGF2 re ects light polar- Camera 1 shows di raction-limited performance, while that
ized parallel to the wires and transmits light polarized perpenfor Camera 3 exhibits a larger spot size due to astigmatism in-
dicular to the wires. The re ected and transmitted beams areéroduced as the converging beam passes through WGF1, which
directed to two separate cameras (Camera 1 and Camera 2) thatilted at 45. Nevertheless, the radii of the 80% encircled
detect orthogonal polarization componengsaind loo, respec-  energy for Cameras 2 and 3 remain smaller than one pixel
tively. The second optical path, which is transmitted through(9:2 m, 0:45° across all operation wavelengths. This is
the NPBS, encounters another wire-grid Iter (WGF1) rotatedacceptable for ground-based observations at the observatory,
by 45 . Two cameras (Camera 3 and Camera 4) positionegvhere the average seeing is expected to excéed 1
after WGF1 detect orthogonal polarization components, |
and l;35. The values of 0, 90, 45, and 135 indicate the angles Table 2. Focal shifts due to chromatic aberration relative to the V
between the polarization direction measured by each camera band (mm)
and the instrument's x-axis.
We selected Edmund Optics 25-mm Square Broadband C@meraNo. B (445nm) R (658 nm) I (806 nm)

Polarizing Beam Splitter (#48-545) for use as the WGF, as 1 +0.173 0.100 0.186
it exhibited the smallest di erence in re ectance and trans- 3 +0.170 0.100 0.186
mittance for unpolarized light among the polarizers we tested . , , _

(Table 1). The + sign indicates an increase in the backfocus distance.

Furthermore, we installed two additional WGFs (WGF3
and WGF4). These WGFs are placed after WGF1 and WGF2,  Additionally, the use of a converging beam introduces
respectively. They are positioned in front of Camera 1 andchromatic aberration, resulting in focal position shifts. The
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