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A B S T R A C T 

We ha ve b uilt and tested a compact, low-cost, b ut very high performance astronomical polarimeter based on a continuously 

rotating half-wave plate and a high-speed imaging detector. The polarimeter is suitable for small telescopes up to ∼1 m in 

aperture. The optical system pro vides v ery high transmission o v er a wide wavelength range from the atmospheric ultraviolet 
cut-off to ∼1000 nm. The high quantum ef ficiency, lo w noise, and high speed of the detectors enable bright stars to be observed 

with high precision as well as polarization imaging of extended sources. We have measured the performance of the instrument on 

20 and 60 cm aperture telescopes. We show some examples of the type of science possible with this instrument. The polarimeter 
is particularly suited to studies of the wavelength dependence and time variability of the polarization of stars and planets. 

Key words: polarization – instrumentation: polarimeters – techniques: polarimetric. 
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 I N T RO D U C T I O N  

ecent results using a new generation of high-precision polarimeters
ave shown that intrinsic polarization among bright stars is much
ore common than was previously thought (Cotton et al. 2016 ),

nd have revealed a range of previously unobserved polarization
echanisms. These include the detection of polarization due to

otational distortion in hot stars (Cotton et al. 2017a ; Bailey et al.
020b ; Lewis et al. 2022 ), the detection of broad-band linear
olarization due to magnetic fields in active dwarfs (Cotton et al.
017b , 2019 ) and the observation of polarization due to non-radial
ulsation modes in a β Cephei star (Cotton et al. 2022a ). In addition,
olarization due to photospheric reflection has been confirmed to be
n important contributor to the polarization of binary systems (Bailey
t al. 2019 ; Cotton et al. 2020 ). 

While many of these observations were made with 4 m class
elescopes, the stars are sufficiently bright that most of these phe-
omena could be studied with an efficient and precise instrument on a
uch smaller telescope. One such instrument is the Miniature High
recision Polarimetry Instrument (Mini-HIPPI; Bailey, Cotton &
edziora-Chudczer 2017 ), which is a miniature version of the
IPPI-2 instrument (Bailey et al. 2020a ) used on larger telescopes.
oth instruments use ferroelectric liquid crystal (FLC) modulators
perating at 500 Hz together with photomultiplier tube (PMT)
odules as detectors. Mini-HIPPI on a 35 cm telescope has been

uccessfully used in a number of science projects (Bailey et al. 2019 ,
020b ; Cotton et al. 2020 ). Ho we ver, the quantum efficiency (QE)
f the PMT detectors used is low, ranging from ∼40 per cent in the
 E-mail: j.bailey@unsw.edu.au 
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lue down to 5–10 per cent at red wavelengths. Therefore, to make
ore ef fecti ve use of the limited light grasp of small telescopes, a

ifferent polarimeter design is required. 
Here, we describe PICSARR (Polarimeter using Imaging CMOS

ensor And Rotating Retarder), a no v el polarimeter design made
ossible by recent developments in detector technology. 

 D E S I G N  C O N S I D E R AT I O N S  

.1 Detectors 

 key problem with astronomical polarimeter design has been
he difficulty in obtaining detectors with the optimal properties, a
ombination of high sensitivity and high speed. The CCD or charge-
oupled device has been the detector of choice for optical astronomy
or the last 40 yr or so (Howell 2006 , and references therein).
CDs are passiv e-pix el devices. The pix el array contains no active
lectronics (i.e. transistors). Photoelectrons are accumulated in the
rray during exposure. Then, during the readout phase, charge is
hifted through the array by applying voltages to clock electrodes,
ntil it reaches the output. Active electronics to amplify and digitize
he signals are outside the array area. The CCD can achieve the
igh sensitivity and low noise needed by astronomers. However, to
chieve best noise performance, the CCD array must be read out
lowly. 

The slow readout of CCDs makes them poorly matched to the re-
uirements of high-precision polarimetry. It has long been recognized
hat rapid modulation is desirable for high-precision polarimetry
s it makes the instrument insensitive to variability resulting from
eeing, tracking irre gularities, and transparenc y changes. Most high-
recision stellar polarimeters have used rapid modulation methods.
© 2023 The Author(s) 
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ames Kemp pioneered the use of photoelastic modulators (PEMs) 
or high-precision polarimetry (Kemp & Barbour 1981 ) and these 
evices modulate at kHz rates. A modulation frequency of 500 Hz is
sed in the HIPPI class polarimeters. These high rates are difficult to
atch with CCD detectors. An additional issue is photon noise. To 

chiev e high-polarization precision, v ery large numbers of photons 
re needed. F or e xample, measurement of fractional polarization to 
0 ppm (parts per million) requires detection of ∼10 10 photons. 
ith a CCD, which has a limited well depth, very large numbers of

rames need to be combined to collect enough photons, and this is
ot feasible with slow readout devices. 
For these reasons, most high-precision polarimeters have used 

ingle-pixel detectors such as avalanche photodiodes (Hough et al. 
006 ; Wiktorowicz & Matthews 2008 ) or PMTs (Bailey et al.
015 , 2017 , 2020a ). While these detectors can provide the required
igh speed detection and work at high photon rates, this comes 
t the cost of low QE (PMTs) or high thermal noise (avalanche
hotodiodes). In addition, both these detector types incorporate 
lectron multiplication (i.e. produce many electrons per detected 
hoton) and therefore suffer from ‘excess noise’, the noise inherent 
n the multiplication process. This noise can be remo v ed by the use
f photon counting, but this is not practicable at the high photon rates
eeded for high-precision polarimetry. As a result, these detectors 
l w ays f all short of photon noise limited sensitivity. 

The use of imaging detectors, and particularly double image 
ethods, where a calcite plate or Wollaston prism is used to form

mages of orthogonal polarization states on the detector, can to 
ome e xtent, remo v e the need for v ery rapid modulation. Good
recision has been achieved with the DIPOL-2 polarimeter (Piirola, 
erdyugin & Berdyugina 2014 ) that uses CCDs and modulates on 

ime-scales of ∼1 min. Ho we ver, the photon rate issues still limit the
easibility of observing the brightest stars at high precision with such 
n instrument. 

.2 Acti v e pixel CMOS image sensors 

he deficiencies of CCDs led Fossum ( 1993 ) to propose the alterna-
ive of an ‘active pixel sensor’, in which each pixel cell contains
ctive electronics (transistors) and can be read out without the 
eed to shuffle charge through the array. He implemented such a 
evice using CMOS (complementary metal-oxide-semiconductor) 1 

echnology. This type of sensor has now become the standard for
ost imaging applications. Billions of these devices have been 
anufactured and used in many consumer and industrial applications 

uch as smartphone cameras, surveillance cameras, etc. Today, they 
re usually referred to as CMOS image sensors. 

Modern CMOS image sensors can match or outperform CCDs in 
lmost all areas of performance. They provide lower median read 
oise, much higher full-frame speeds, lower power consumption, 
ower cost, and easier integration with other electronics. They can 
e integrated into a ‘camera-on-a-chip’ (Fossum 1997 ) a v oiding 
he need for the complex control electronics often needed for 
stronomical CCDs (e.g. Leach & Low 2000 ; Waller et al. 2004 ).
he dev elopment o v er the last few years of back-illuminated CMOS
ensors (e.g. Cooper et al. 2019 ) now enables peak quantum effi-
iencies up to ∼95 per cent comparable with the best astronomical 
CDs. 
Back-illuminated CMOS sensors are available at different price 

oints. At the high end are scientific CMOS (SCMOS) detectors, 
 The standard technology now used for almost all digital and some analogue 
lectronics. 

T  
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o

hich have typical peak QE of ∼95 per cent, median read noise of
1 electron, and are available in a variety of formats with pixel

izes up to 11 μm. Ho we ver, lo w-cost CMOS sensors developed,
n particular, for the surveillance camera market, can provide com- 
arable performance (Diekmann et al. 2017 ). In this project, we
se low-cost sensors made by Sony, and based on their EXMOR-R
low-noise rolling shutter devices) and STARVIS (back-illumination) 
echnologies. These detectors match the low read noise and high 
peed of the SCMOS detectors, and differ mostly in their smaller
ixel sizes. The small pixels are ho we ver a good match to the small
elescopes for which PICSARR is designed. 

.3 Polarization modulators 

he second key component of a polarimeter is the modulator. As
lready mentioned, modulators successfully used for high-precision 
olarimetry include PEMs (Kemp & Barbour 1981 ; Hough et al.
006 ; Wiktoro wicz & Matthe ws 2008 ) and FLCs (Bailey et al.
015, 2017 , 2020a ). While CMOS image sensors are faster than
CDs, they are not fast enough to work at the rates ( > 10 kHz)
eeded by PEMs. A polarimeter combining a CMOS detector with 
n FLC modulator would certainly be feasible. Ho we ver, FLCs suf fer
rom instrumental polarization (IP) effects that must be corrected by 
dditional modulation stages (e.g. a whole instrument rotation) to 
chieve high precision (Bailey et al. 2015 , 2020a ), and they have
imited wav elength co v erage with the modulation efficienc y falling
teeply away from the design wavelength. Additionally, these aspects 
epend on materials and construction, which have not been consistent 
 v er time, resulting in varied performance characteristics (Bailey 
t al. 2020a ; Cotton et al. 2022b ). 

For PICSARR, we have therefore chosen to use a mechanically 
otated half-wave plate as the modulator. A major advantage is 
hat half-wave plates can be made in superachromatic versions that 
re close to half-wav e o v er a v ery wide wav elength range. Since
he detectors also have a wide wavelength range, this results in
n instrument with wide-band capability from the ultraviolet (UV) 
o the near -infrared. Rotating wa veplates ha ve often been used in
onjunction with CCDs for polarimetry, but typically this involves 
tepping the plate to a new position between relatively long CCD
xposures. In PICSARR, we use a continuously rotating half-wave 
late while recording a sequence of short exposure video frames 
sing the high-speed CMOS imager. This enables a relatively high 
odulation frequency as well as the ability to observe bright stars
ithout saturation. 
The use of a continuously rotating waveplate with a Wollaston 

rism analyser (as in PICSARR) was described by Serkowski ( 1974 )
s the ‘best linear polarimeter’ in the absence of achromatic variable
etarders. This modulator system was first used by Lyot ( 1948 ) in
onjunction with photocells as detectors. 

A polarimeter using two SCMOS cameras and a continuously 
otating waveplate has been described by Shrestha et al. ( 2020 ). This
nstrument operates at slower rotation rates and is a more complex
nstrument than PICSARR. It has been used on a 2-m telescope and
s designed for observations of fainter objects. 

 I NSTRU MENT  DESCRI PTI ON  

.1 Optical system 

he optical system of PICSARR is shown in Fig. 1 . The design
ims to maximize the throughput of the instrument. All of the
ptical components are in the converging beam from the tele- 
MNRAS 520, 1938–1949 (2023) 
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Figure 1. Optical layout of PICSARR (not to scale). All the optics are in the 
converging beam from the telescope. See Section 3.1 for further details. 
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Figure 2. The upper panel shows the transmissions of the Astrodon SDSS 
filter set used in PICSARR. The lower panel shows the contributions to 
the transmission from the modulator (half-wave plate), analyser (Wollaston 
prism), and the combined instrumental throughput including the detector QE. 

Table 1. CMOS image sensors used with PICSARR. 

Camera ASI178MM ASI290MM 

Sensor Sony IMX178 Sony IMX290 
Format 3096 × 2080 1936 × 1096 
Pixel size 2.4 μm 2.9 μm 

Digitization 14/10 bit 12/10 bit 
Full-frame rate 60 fps 170 fps 
Readout noise (rms) 1.4–2.2 e − 1.0–3.2 e −
Peak QE 81 per cent 80 per cent 
Full well 15 ke − 14.6 ke −

a  

t  

a
 

6  

P  

2 This is referred to as 16-bit mode in the camera documentation, but only has 
12 significant bits. 
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cope. The modulator is the first optical element in the system
nd is a superachromatic half-wave plate (Thorlabs SAHWP05M-
00) based on the Pancharatnam ( 1955 ) design and composed of
hree quartz and three magnesium fluoride plates. The waveplate
as a clear aperture of 10 mm and provides a retardance within
 per cent of half-wav e o v er the wavelength range from 310 to
100 nm. 
The polarizing prism is a magnesium fluoride Wollaston prism

Thorlabs WPM10) providing two orthogonally polarized beams
ith an angular separation of 1 ◦20 ′ . It is mounted such as to produce
 double image with a separation of ∼460 μm at the detector. The
se of a Wollaston prism in a converging beam results in a small
ocus difference between the two images, and a slight wavelength
ependence in the focus. Ho we ver, these ef fects are small compared
ith the typical star image sizes produced by the telescope and

eeing, and the use of the best compromise focus position does not
ignificantly limit performance. 

Between the waveplate and prism there is a five position filter
heel. The filter set normally used consists of the Sloan Digital Sky
urv e y (SDSS) u ′ , g ′ , r ′ , i ′ , and z ′ s generation 2 filters from Astrodon
hotometrics. The z ′ s filter has a long wave cut-off at ∼920 nm, and
iffers from the standard z ′ filter that relies on the detector response
o define the long wavelength limit. The filter transmission curves
re shown in the upper panel of Fig. 2 . 

The optical materials used for the polarization optics (quartz and
agnesium fluoride), as well as the antireflection coating on the
aveplate, result in a high throughput for these two components
 v er the full wavelength range from 310 to 1100 nm. The filters
 g ′ , r ′ , i ′ , and z ′ s ) have transmissions of ∼98 per cent or better
ccording to the manufacturer’s data, and confirmed by our own
aboratory measurements for the g ′ , r ′ , and i ′ filters (Bailey et al.
020a ). 

.2 Detectors 

he detectors used with PICSARR are from the ASI range of
ameras made by Suzhou ZWO Co., Ltd. The camera used for
he results presented here was the ASI290MM. Some other similar
ormat cameras such as the ASI178MM will also fit in PICSARR.
hese cameras use back-illuminated Sony image sensors as described

n Section 2.2 . The specifications of these cameras are listed in
able 1 . 
The cameras used in PICSARR are uncooled. While cooled

ersions of these cameras are also available, there is no need for
ooling with the short exposure times used. 

The ASI290MM was chosen as it has the fastest readout in the ASI
ange, being capable of 170 frames per second (fps) with a full-frame
eadout. The sensor has a high speed mode with 10-bit digitization,
NRAS 520, 1938–1949 (2023) 
nd a slower 12-bit mode 2 which is the one used by PICSARR. With
he readout window reduced to 170 rows, the camera can be read out
t 500 fps in 12-bit mode. 

The sensor has a peak QE of ∼80 per cent at a wavelength of
00 nm and is useable o v er the full range of wavelengths covered by
ICSARR. The combined throughput of the instrument including the

art/stad271_f1.eps
art/stad271_f2.eps
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Figure 3. Raw full-frame image from the ASI290MM camera showing the 
placement of the two star images from the Wollaston prism (here α Cen which 
is itself a double star) and the reference LED illumination. The intensity of the 
LED here is higher than would be needed for an actual observation. The blue 
box shows the 1200 × 150 readout window normally used for observation. 
The reference LED is at the left end, and the star data are to the right. 

Table 2. Standard settings for frame exposure time and rotation of the half- 
wave plate. 

Frame exposure time (ms) Rotation period (ms) Rotation rate (rpm) 

12 192 312.5 
5 80 750 
2 32 1875 

p
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etector QE is shown in the lower panel of Fig. 2 . The manufacturer’s
ata on the QE of the ASI290MM camera are only available between
00 and 1000 nm. Outside this range, data from the ASI178MM have
een substituted, scaled to the ASI290MM values at the extremes. 
he ASI178MM uses the same protecti ve windo w as the ASI290MM
nd this is responsible for the steep drop in transmission in the UV.
he window would have to be remo v ed or replaced to obtain the full

hroughput in the UV. 

.3 Modulation system 

olarization modulation is achieved by continuously rotating the 
alf-wave plate using a Faulhaber brushless DC motor via a belt 
riv e. The rotating wav eplate results in modulation of the starlight
een at the detector with four cycles in each full rotation, such that
he amplitude and phase of the modulation provides a measure of
he polarization and its position angle. The two star images produced 
y the Wollaston prism modulate in opposite phase, and this helps 
o eliminate errors in polarization due to transparency and seeing 
hanges and non-common path errors. 

The use of a continuously rotating waveplate results in a reduced 
mplitude of modulation by a factor of 2 

√ 

2 /π ( ∼0.9) compared 
ith the case of a waveplate that is stepped to fixed positions
2.5 ◦ apart. This is due to the fact that the waveplate is mov-
ng during the exposures, and the sine wave is being integrated, 
ather than sampled at a fixed point. At slower speeds, it would
herefore be more efficient to step the waveplate between expo- 
ures but this is not practical at the rotation speeds used with
ICSARR. 
The waveplate rotation period is set to equal the integration time 

f 16 frames in the video sequence recorded by the detector. This,
hen results in each four successive frames in the video sequence 
ampling a full modulation cycle from which the polarization can 
e derived. The rotation speed is controlled by a feedback system
unning on a microcontroller. A Hall sensor generates a once- 
er-rotation pulse from the rotating waveplate, and the control 
ystem adjusts the speed of the motor to maintain the required 
otation period. Rotation speeds from about 200 to 2000 rpm can be
elected. 

The low-cost ASI cameras provide no means of electronic syn- 
hronization of the camera exposures with external events (e.g. 
rigger inputs). To determine the rotation phase of the waveplate, 
e therefore use an optical reference system. The microcontroller 

hat is used to synchronize the rotation also generates a sine 
ave signal synchronized with the waveplate rotation, and uses 

his to drive a small light emitting diode (LED) that illuminates a
egion at the edge of the detector. In this way, a reference signal
hat records the waveplate rotation phase is included in the video 
tream. 

It is important that the reference LED signal does not contami- 
ate the star images and impact on the polarization measurement. 
o ensure this, the LED illuminated spot is spaced well away 
rom the area of the detector used for star measurement (Fig. 3 ).
urthermore, we map the spatial distribution of scattered light 
rom the LED and subtract this (appropriately scaled) from each 
rame. We are also able to select from a range of levels for the
ED brightness, and adjust this to ensure that the wings of the
rightness distribution are negligible at the position of the star 
mage. 

The impact of the LED reference signal is also minimized since 
t is at a different frequency to the polarization modulation. The 
ED reference signal varies at the rotation frequency, whereas the 
olarization modulation is at four times the rotation frequency. Since 
oth are sine waves, the reference LED signal has no harmonics at
he modulation frequency. 

.4 Control and data acquisition 

wo small electronics boards are mounted on the instrument. These 
re the Faulhaber motor controller (type SC2804) and a custom built
oard that includes the microcontroller system and the synchroniza- 
ion and reference LED circuitry. 

The instrument control and data acquisition are through software 
n a PC running the Windows operating system. For the observations
escribed here, we used Intel NUC miniature PCs configured with a
 TB solid-state drive (SSD). These compact, lightweight ( ∼500 g)
omputers are easily mounted on even a small telescope close to
he instrument. The computer is normally operated remotely o v er
 Wi-Fi or Ethernet connection using Microsoft Remote Desktop. 
he instrument requires 24 V DC power for the motor. All other
ower requirements are provided through the USB connections to 
he computer. 

The camera connects to the computer using a USB 3.0 cable. Data
rom the camera are acquired using the SharpCap Pro 3 image capture
pplication running on the NUC PC. Video data are recorded to the
SD in SER (‘ ∗.ser’ file) format. This format is chosen because it
rovides a precise time stamp for every video frame, allowing the
ontinuity of the time sequence to be checked. 

While the system allows selection of any waveplate rotation rate 
ithin its range, we have adopted three standard settings as listed

n Table 2 , each arranged to give 16 exposures in each waveplate
MNRAS 520, 1938–1949 (2023) 
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Figure 4. Exploded CAD view showing the construction of PICSARR. Grey elements are 3D printed parts. Red is used for the optical components, from left 
to right, the camera, Wollaston prism, filter wheel, and waveplate. Blue are other parts including the motor and controller, bearings, drive belt, and pulley. The 
inset shows PICSARR mounted on the 20 cm telescope. 
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otation. The slowest of these settings (12 ms exposures and 192 ms
otation) has been the most commonly used. 

A typical observation involves taking a 240 s video sequence,
hich, at the slowest setting, consists of about 20 000 video frames

nd 1250 waveplate rotations. The camera readout window is
ormally set to a long narrow area of 1200 × 150 pixels as shown
y the blue box in Fig. 3 . In this case, the resulting file size is 7 GB.
ider readout windows can be used, if required, to observe more

xtended objects. 
The camera operates in a rolling shutter mode, meaning that

if ferent ro ws of each frame are read sequentially at slightly different
imes. With our standard 150 pixel wide window, there is a 1.3 ms
ifference between the exposure mid-point time at the top and the
ottom of the frame. Ho we ver, all columns are read out in parallel
o there is no time difference in the left-right direction. Because
he double star images are spaced in the left-right direction, there
s no difference in their timing, and we place the star images
ertically on the centre line of the window to ensure consistent
hasing. 

.5 Mechanical construction 

he construction of PICSARR is largely by 3D printing in plastic
acrylonitrile butadiene styrene). The largest part dimension is
20 mm so the parts are easily printed on a 3D printer with a small
 uild v olume. Up Plus and Zortrax M200 printers were used in the
onstruction of the instrument. An exploded CAD drawing of the
nstrument is shown in Fig. 4 . 
NRAS 520, 1938–1949 (2023) 
The complete instrument weighs 1.2 kg and attaches to a telescope
sing a standard 2-in. eyepiece mount. It is therefore easily mounted
n small telescopes. 

.6 Data reduction 

ICSARR data are reduced using software written in PYTHON . There
re two main reduction modes. For stellar objects, an aperture
xtraction method is used to determine the polarization for data
ummed o v er a software aperture. F or e xtended objects, the imaging
eduction mode is used to obtain images in the I , Q , and U Stokes
arameters. 
The following steps are common to both modes. First, each frame

f the video sequence is dark subtracted and corrected for scattered
ight from the reference LED area. The reference LED signal is
xtracted, and a sine wave fit performed to determine the waveplate
otation phase and its variation through the video sequence. 

The area containing the object data is extracted, and shifts are
pplied to correct for image motion due to seeing and tracking errors.
or stellar data, the alignment is performed by locating the centre
f the star images using 1D cross-correlation on images collapsed in
ach dimension, and then moving the software aperture to centre on
he star. For extended objects, frame alignment is performed using
D cross-correlation with fast Fourier transforms and then applying
hifts to align the images. Only whole pixel shifts are used to a v oid
ny need to rebin the data. 

The aligned frames in each block (a block is normally one wave-
late rotation consisting of 16 frames) are then used to determine
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Table 3. Telescope pixel sizes (for the ASI290MM camera), polarization 
image spacing, and resolution (Rayleigh criterion, g ′ band) in arcsec. 

Telescope Pixel size Image spacing Resolution ( g ′ band) 

20 cm f /12 0.245 39 0.60 
60 cm f /10.5 0.095 15 0.20 
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he polarization and position angle for the aperture, or for each pixel
n imaging mode. The position angles are then rotated based on 
he waveplate rotation phase determined earlier to place them on a 
ommon reference system. 

In aperture mode, the data for the blocks are combined to give
alues and statistical errors for the normalized Stokes parameters, 
olarization, and position angle. In imaging mode, the images in 
tokes I , Q , and U are averaged to give final images for the
bservation. 
For stellar observations, the final stage of reduction uses software 

dapted from that used with the HIPPI-2 polarimeter as described 
y Bailey et al. ( 2020a ). This software makes use of a bandpass
odel for the instrument transmission as a function of wavelength, 

nd performs final corrections to the data including calibrations for 
osition angle, zero-point, and telescope polarization (TP). 
The bandpass model required modifications to handle the super- 

chromatic half-wave plate, which has a fast-axis orientation that 
aries with wavelength and a retardance that varies with angle of
ncidence. Based on the manufacturer’s data and the source spectrum, 
e make corrections to the position angle for each filter to allow

or the fast-axis variations ( ∼a few degrees), and also make small
orrections to the modulation efficiency that depend on the f -number 
f the telescope to allow for the angle-of-incidence dependence. 

.7 Second instrument 

 second PICSARR instrument has recently been built at the Mon-
erey Institute for Research in Astronomy (MIRA). This instrument is 
argely the same, with the main differences designed to accommodate 
 larger 8 position filter wheel – the separation between the motor 
nd the light path is increased, requiring a longer belt. 

The Astrodon filter set was unavailable, so we substituted the 
imilar Chroma set, which has z ′ instead of z ′ s . In one of the unfilled
lots, we placed an opaque blank for dark calibrations. A Lenovo 
ano as the computer system is the only other difference. 
This instrument is currently undergoing performance e v aluation 

n the 35-cm Celestron f /11 telescope at MIRA’s Weaver Student 
bservatory in Marina, CA. Simultaneously, it has been used in tan- 
em with the other instrument on a number of science programmes. 

.8 Large telescope use 

ICSARR is designed for small telescopes less than about 1 m in
perture. With larger telescopes, the number of pixels that would need 
o be combined for stellar measurements becomes very large and this
ncreases the total readout noise. Also the spacing of the star images
nd the field of view for imaging become very small. However, a
ICSARR-style instrument suitable for larger telescopes could be 
ade by scaling up the optics (e.g. a larger aperture waveplate and

arger size prism) and using a sensor with larger pix els. F or e xample,
CMOS sensors are available with 10–12 μm pixels. These changes 
ould substantially increase the instrument cost. 

 INSTRU MENT  P E R F O R M A N C E  

est observations with PICSARR have been obtained with two 
elescopes. The first of these is a 20 cm telescope at Pindari
bservatory in suburban Sydney. This is an f /12 classical Cassegrain

elescope made by Guan Sheng Optical. The second is the 60 cm
 /10.5 Ritchey Chr ́etien Telescope at Western Sydney University’s 
enrith Observatory. Due to Covid-19 restrictions, access to the 
enrith Observatory has been limited, and the bulk of observations 
o far are with the 20 cm telescope. Table 3 lists the pixel sizes (for
he ASI290MM camera), spacing of the polarization double images, 
nd the diffraction limited resolution for each telescope. Note that the
ix el sizes pro vide good sampling of the diffraction limited images,
nd this remains true for any aperture size at similar focal ratios. 

Both these telescopes use only two aluminized mirrors, and no 
enses (as are included in other telescope designs such as the
chmidt Cassegrain or Corrected Dall-Kirkham). This ensures that 

he y pro vide good imaging and high transmission o v er the wide
avelength range covered by PICSARR. They are also straight- 

hrough designs with no oblique reflections that would introduce 
arge IPs (e.g. as in Newtonian or Nasmyth telescopes). 

A significant issue we have encountered with the use of PICSARR
n the 20 cm telescope is that the use of continuously moving parts
i.e. the waveplate rotation) causes vibration in the telescope mount 
hat appears as periodic image motion at the detector. The telescope

ount (Sky-Watcher EQ6 Pro) is relatively lightweight, and has 
esonances at frequencies close to that of the waveplate rotation. 

e have minimized the effect by improving the alignment of the
echanical system in the instrument, and by a v oiding the two faster

ettings (Table 2 ). On the 60 cm telescope that has a much more
olidly built mount, there is no such problem and all the settings can
e used. 

.1 Image quality 

he combination of a small telescope, such as our 20 cm telescope,
nd a high-speed imaging system has a significant advantage. The 
elescope aperture D is, under reasonable seeing conditions, only a 
ittle larger than the Fried parameter r 0 that characterizes the seeing.
nder these conditions, seeing mostly shows as translational motion, 

nd can therefore be largely eliminated by ‘shift-and-add’ processing 
f the short exposure images (Smith et al. 2009 ). 
The performance of PICSARR on the 20 cm telescope is consistent

ith this behaviour. Under good seeing, star images in individual 
rames appear as diffraction limited cores with diffraction rings, and 
ppearance is similar in processed images. An example from imaging 
olarimetry of Saturn is given in (Fig. 5 ). 
These results also highlight the fact that a small telescope can

ometimes deliver better images than a larger telescope that operates 
n a high D / r 0 regime and is more affected by seeing. For example,
ompare Fig. 5 with the polarimetry of Saturn reported by Schmid
t al. ( 2011 ). 

.2 Instrument and telescope polarization 

easurements of nearby stars are used to determine the polarization 
ero-point which is set by polarization introduced by the telescope 
ptics TP plus any IP. The low-polarization standard stars used 
or this purpose are those listed in Bailey et al. ( 2020a ). For the
0 cm telescope, bright standard stars are needed, and the list was
upplemented with the addition of Arcturus ( V = −0.05, d = 11.3 pc)
nd Fomalhaut ( V = 1.16, d = 7.7 pc). 
MNRAS 520, 1938–1949 (2023) 
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Figure 5. Total and Polarized Intensity images of Saturn obtained with 
PICSARR on 2021 September 8 at i ′ band with the 20 cm telescope. The 
images demonstrate the image quality obtainable with the polarimeter. In 
this and similar plots, the intensity units are arbitrary, but the fractional 
polarization can be obtained by dividing the polarized intensity by the total 
intensity. 
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Table 4. Average low polarization star measurements showing tele- 
scope + instrument polarization zero-points. 

Filter 60 cm telescope 20 cm telescope 
P (ppm) PA ( ◦) P (ppm) PA ( ◦) 

u ′ 148 ± 53 74 ± 11 109 ± 7 125 ± 2 
g ′ 30 ± 7 88 ± 6 45 ± 3 90 ± 2 
r ′ 32 ± 14 103 ± 15 40 ± 5 89 ± 3 
i ′ 15 ± 12 41 ± 28 45 ± 3 100 ± 2 
z ′ s 24 ± 22 41 ± 30 46 ± 5 109 ± 3 
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The polarizations determined from observations of these stars with
he 60 cm telescope in 2021 June, and with the 20 cm telescope
 v er 2022 May–June are listed in Table 4 . While the PICSARR
bservations cannot distinguish between TP and IP, the 60 cm
elescope measurement at g ′ (30 ppm) agrees very well with the TP
etermined for this same telescope using the HIPPI-2 polarimeter
Bailey et al. 2020a ), and thus indicates that the IP of PICSARR is
mall and we are measuring mostly TP. 

The TP for the 20 cm telescope is then a little higher but is still
ess than 50 ppm, except at the extreme wavelengths of the u ′ band. 

.3 Polarimetric precision 

e have estimated the polarimetric precision achie v able with PIC-
ARR by looking at the night-to-night scatter of repeat measure-
ents of low polarization stars, using the same methods as in the

nalysis for the HIPPI-2 instrument (Bailey et al. 2020a ). 
For the 20 cm telescope, we used observations of Arcturus and Beta

eo o v er 2022 May–June from which we find a precision (measured
s e p as defined by Bailey et al. 2020a ) of 17 ppm av eraged o v er the
 

′ , r ′ , and i ′ bands. Using observations of Sirius we found somewhat
oorer precision at z ′ s band (27 ppm) and u ′ band (40 ppm). This is
xcellent performance for such a small telescope. 
NRAS 520, 1938–1949 (2023) 
Preliminary results from the new PICSARR instrument at MIRA
n a 35 cm telescope give an e p of 11 ppm averaged over the g ′ , r ′ ,
nd i ′ bands, using observations of Vega and Altair. 

The limited data available with the 60 cm telescope in 2021 June
n se veral lo w-polarization standard stars gi ve a scatter of ∼10 ppm
t g ′ band which is similar to the statistical precision of the individual
easurements, and therefore likely an upper limit on the precision

chie v able. This is similar to the precision achieved on the same
elescope with the HIPPI-2 polarimeter (Bailey et al. 2020a ). The
esults on these three telescopes indicate improving precision with
arger telescopes. 

.4 Magnitude range 

he useful magnitude range of PICSARR for stellar observations on
he 20 cm telescope is from about magnitude 0–6 in the g ′ and r ′ 

ands. At the bright end, the limit is set by saturation of the detector
uring the 12 ms exposure time. This precludes observations of the
ew stars in the sky with ne gativ e magnitudes. The faint limit is set by
he requirement that stars need to be bright enough to be located in
ach individual short exposure frame to allow image registration.
t 6 mag, measurements to a precision of about 100 ppm are
ossible. 
On the 60 cm telescope, it is possible to observe even the brightest

tars, since the light is spread o v er more pix els, and since this
elescope allows use of the shorter exposure settings. The faint limit
s extended by another 2 mag to about 8 mag. 

The faint magnitude limit might be further extended by changes
o the data reduction algorithm to remo v e the need to realign the
perture on each frame, or modifications to the instrument that would
ermit slower waveplate rotation and longer frame integration times.
At other bands, limits need to be adjusted based on the star colour

nd detector response. At u ′ , the sensitivity is much reduced since
he camera includes a window that has poor transmission throughout
he lower end of the band. 

.5 High polarization standards 

ig. 6 shows the polarization o v er 2021 May to 2022 September of
he three main high-polarization standards observed with PICSARR
t g ′ . Two of these standards, HD 147084 (o Sco) and HD 84810
l Car) are from the list given by Bailey et al. ( 2020a ). The third
tandard is the bright, highly polarized star HD 161471 ( ι1 Sco, V =
.0) for which we adopt the parameters P max = 2 . 28 per cent , λmax =
.56 μm, and θ = 2.8 ◦ (Serkowski, Mathewson & Ford 1975 ). These
tars are observed to calibrate the position angle of polarization. They
re not used to calibrate degree of polarization, which is derived
irectly from the modelled behaviour of the instrument, but provide
 check on the instrument stability. It can be seen that the instrument
as been reasonably stable o v er this period. Further details on these
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Figure 6. Polarization at g ′ for the three main high-polarization standards observed with PICSARR. Most of the observations are with the 20 cm telescope. 
The error bars are smaller than the plotted points. 

Table 5. Summary of high-polarization standard results at g ′ . 

Star HD 84810 HD 161471 HD 147084 

λeff (nm) 486.3 477.5 473.6 
P (per cent) 1.596 2.260 3.850 
P pred (per cent) 1.56 2.20 3.81 
σ 2 (per cent) 0.023 0.020 0.028 
σ 1 (per cent) 0.005 0.004 0.008 
N 48 18 114 
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have been used to calibrate the position angle. 
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esults are given in Table 5 . The table lists the mean polarization
rom the observations ( P ), the predicted polarization for this filter
ased on the P max and λmax from Bailey et al. ( 2020a ) or listed abo v e
or HD 161471. σ 2 is the standard deviation of the N observations 
lotted in Fig. 6 . σ 1 is the average of the internal errors of each
ndi vidual observ ation. 

Compared with the predicted values in Table 5 , the polarizations 
easured by PICSARR at g ′ appear slightly too high by factors of
1.01–1.02. Ho we ver, it should be noted that the literature values
e are comparing with mostly date from the 1970s and were made
ith instruments with lower precision than PICSARR. They were 

lso made in different filters, and therefore the comparison depends 
n correction for the wavelength dependence which introduces addi- 
ional uncertainties. Further work will be needed to establish whether 
ny additional corrections are needed to PICSARR polarization 
evels. 

Bastien et al. ( 1988 ) investigated the polarization variability 
f polarization standard stars. They found evidence of variabil- 
ty in one of our standards (HD 147084) and found HD 84810
ot to be variable. The methods used in this study have been
riticized by Clarke & Naghizadeh-Khouei ( 1994 ). HD 161471 
s not a star that has been previously used as a polariza-
ion standard and so has not been included in past studies for
ariability. 

Bastien et al. ( 1988 ) used a filter centered on 470 nm with a width
f 180 nm, which is quite similar to our g ′ filter. It is therefore
nteresting to compare their results for HD 147084 with ours. They 
nd P = 3.857 per cent, σ 2 = 0.022 per cent, σ 1 = 0.008 per cent
rom 41 observations, which is remarkably similar to our results of
 = 3.850 per cent, σ 2 = 0.028 per cent, σ 1 = 0.008 per cent from
14 observations. 4 PICSARR thus achieves comparable precision 
espite the use of a much smaller telescope (20 cm rather than
0 cm). PICSARR could be valuable for further studies of the
roperties and possible variability of polarization standards, in 
articular, because of the potential to obtain extended series of 
bservations. 

.6 Sky subtraction 

 feature of double image polarimeters (such as PICSARR and 
IPOL-2) is that sky polarization is largely eliminated because the 

ky from the two Wollaston images overlay each other and their
olarizations cancel out (Piirola 1973 ). Any small residual effects 
esulting from asymmetry in the two channels are subsequently re- 
o v ed by a subtraction of the data from an annular sky region around

he star aperture. This makes PICSARR very insensitive to polarized 
ky background. It is unaffected by moonlight. Observations can be 
ade well into twilight. Typically stars can be observed from around

0 min after sunset up to 30 min before sunrise. Very bright objects
an be observed in daylight. We have successfully measured the 
olarization of Venus in daylight, with Venus at less than 10 ◦ away
rom the Sun. 

Observing is also very efficient as there is no need to spend
ime making separate sky observations as is required with aperture 
olarimeters such as the HIPPI class instruments. 

 SCI ENCE  EXAMPLES  

n this section, we show some preliminary observational results that 
ndicate the type of science that is possible with PICSARR. All these
esults were obtained with PICSARR on the 20 cm telescope. 
MNRAS 520, 1938–1949 (2023) 
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Figure 7. Polarimetry of the short period eclipsing binary μ1 Sco with 
PICSARR on the 20 cm telescope. The decreasing amplitude with wavelength 
is consistent with a photospheric reflection model for the polarization. The 
lo wer panel sho ws the position angle for all bands using the same colour 
coding as the other panels. 
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Figure 8. Polarization vectors overlaid on a polarized intensity image for the 
Homunculus Nebula around η Carinae as observed with the 20 cm telescope 
on 2022 February 9. Because the nebula is detected in polarized intensity only, 
the degree of polarization cannot be determined, but the vector directions are 
correct. The image is 27 arcsec across. North is at top. 
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.1 Stellar science 

hase-dependent polarization variations in close early-type binary
ystems have been known for some time. They have often been
nterpreted as due to scattering from circumstellar material resulting
rom the interaction between the stars (Brown, McLean & Emslie
978 ). Ho we v er, there hav e also been suggestions that photospheric
eflection between the stars can play a role in some systems (e.g.
erdyugin & Harries 1999 ). Recent observations (Bailey et al. 2019 ;
otton et al. 2020 ) have provided further support for the photospheric

eflection model, and showed that this model predicts that the
olarization amplitude should decrease with increasing wavelength,
hereas scattering from optically thin clouds would give wavelength-

ndependent polarization. 
PICSARR observations of the bright short period binary system

1 Sco are shown in Fig. 7 obtained with the g ′ (468 nm), r ′ 

619 nm), and i ′ (754 nm) filters. The wav elengths giv en here
re the ef fecti v e wav elengths calculated by our bandpass model
or this object. These results show that good quality polariza-
ion data on such objects can be obtained with PICSARR on a
0 cm telescope o v er a range of wav elengths. The y also show
ecreasing amplitude of the modulation with increasing wave-
ength as predicted by photospheric reflection models (Cotton et al.
020 ). 
As an example of imaging polarimetry with PICSARR, Fig. 8

hows the polarization of the Homunculus reflection nebula around
Carinae. The reflection nebula cannot be detected in total flux in the
ICSARR observ ations. Ho we ver, it is easily detected in polarized
ux. The pattern of polarization expected for a reflection nebula
NRAS 520, 1938–1949 (2023) 
lluminated by the central stars is clearly shown. This image obtained
ith the 20 cm telescope can be compared with previous polarization
aps obtained with the 3.9 m Anglo-Australian Telescope (Warren-
mith et al. 1979 ) and the Hubble Space Telescope (Schulte-Ladbeck
t al. 1999 ; King et al. 2002 ). The central blob in this image is the dust-
nshrouded central stars, and has been found with PICSARR to show
ime variable polarization ranging from 2.3 per cent to 3.1 per cent. 

.2 Solar system science 

he wide wavelength range, and excellent image quality of PIC-
ARR makes it ideal for imaging polarimetry of planets. An
xample is shown in Fig. 9 for the planet Jupiter obtained with
he 20 cm telescope in three filters. Jupiter is slightly too large
or the image separation given by our Wollaston prism resulting
n some artefacts due to image o v erlap at the left and right edges.
evertheless, the main polarization features such as the high-
olar polarization (Lyot 1929 ; Gehrels, Herman & Owen 1969 )
re clearly seen. The g ′ polarization images have been scaled
o show the structure o v er the main part of the disc associated
ith the markings such as the belts and zones and the Great Red
pot. 
There are relatively few imaging polarimetry observations of

upiter in the literature (e.g. Schmid et al. 2011 ; McLean et al.
017 ) and these have limited co v erage in wav elength and phase
ngle. The ability to obtain wide wavelength coverage, high-quality
olarimetry with a small easily accessible telescope makes possible
 xtensiv e studies of the phase angle dependence of the polarization
tructure, which provides information on cloud particle sizes and
omposition. Similar considerations apply to Venus, Mars, and
aturn. 
Fig. 10 shows imaging polarimetry of Uranus obtained on 2021

eptember 2 in the g ′ band. The polarization shows the ‘four
obed’ structure in the Stokes parameters that can also be seen in
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Figure 9. Imaging polarimetry of Jupiter in three bands obtained with PICSARR on the 20 cm telescope on 2021 October 17 at phase angle ( α) 10.10 ◦. Note 
that, there are some artefacts at the left and right of the images due to o v erlap, since the equatorial diameter of Jupiter (44 arcsec) is greater than the double 
image separation from the Wollaston prism (39 arcsec). The white spot near the top centre of the disc in the top panel is the satellite Io. It is not in transit, but 
o v erlapping the planet due to the double imaging. 
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Figure 10. Imaging polarimetry of Uranus in the g ′ band obtained with 
PICSARR on the 20 cm telescope on 2021 September 2. Celestial north is at 
top. The circle shows the 3.65 arcsec diameter of Uranus and the line shows 
the planetary north polar direction. 
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he observations reported by Schmid, Joos & Tschan ( 2006 ) using
FOSC2 on the ESO 3.6 m telescope, but is here recorded using
 20 cm telescope. This pattern in the Stokes parameters is the
esult of limb polarization in a radial direction which is caused
y double scattering in the planet’s atmosphere (Schmid et al.
006 ). 
NRAS 520, 1938–1949 (2023) 
 C O N C L U S I O N S  

e have built and tested a low-cost polarimeter using a rapidly
otating half-wave plate in conjunction with a high-speed CMOS
mage sensor. The simple optical system results in very high transmis-
ion, while the high QE and low noise of the detector provides high
ensitivity. The instrument is useable o v er a wide wavelength range
rom the UV to the near-infrared. It can be used to measure stellar
olarization to high precision and to obtain imaging polarimetry of
xtended sources. 

We present examples of the stellar and Solar system science
ossible with the instrument on a 20 cm telescope. In many cases,
he results are comparable with, or impro v e on, previous results
btained with much larger telescopes. There are very few examples
f imaging polarimetry of Solar system objects in the literature,
nd many bright stars have not been observed polarimetrically in
ecades – about a third of stars brighter than third magnitude have no
eported observations with a high-precision instrument. The ability
o do such science with small easily accessible telescopes – even
here there is e xtensiv e light pollution – opens up the potential for
uch more widespread use of polarimetry. In particular, it makes

ossible e xtensiv e studies of the time dependence of polarization in
right sources. 
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