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3 | Calibration of the instrumental polarization
effects of SCExAO-CHARIS’
spectropolarimetric mode
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SCExAO at the Subaru telescope is a visible and near-infrared high-contrast imaging in-
strument employing extreme adaptive optics and coronagraphy. The instrument feeds the
near-infrared light (JHK) to the integral field spectrograph CHARIS. Recently, a Wol-
laston prism was added to CHARIS’ optical path, giving CHARIS a spectropolarimetric
capability that is unique among high-contrast imaging instruments. We present a detailed
Mueller matrix model describing the instrumental polarization effects of the complete op-
tical path, thus the telescope and instrument. The 22 wavelength bins of CHARIS provide
a unique opportunity to investigate in detail the wavelength dependence of the instru-
mental polarization effects. From measurements with the internal light source, we find
that the image derotator (K-mirror) produces strong wavelength-dependent crosstalk, in
the worst case converting ∼95% of the incident linear polarization to circularly polarized
light that cannot be measured. Theoretical calculations show that the magnitude of the
instrumental polarization of the telescope varies with wavelength between approximately
0.5% and 0.7%, and that its angle is exactly equal to the altitude angle of the telescope.
We plan to more accurately determine the instrumental polarization of the telescope with
observations of a polarization standard star, and fit more comprehensive physical models
to all experimental data. In addition, we plan to integrate the complete Mueller matrix
model into the existing CHARIS post-processing pipeline, with the aim to achieve a po-
larimetric accuracy of <0.1% in the degree of linear polarization. Our calibrations of
CHARIS’ spectropolarimetric mode will enable unique quantitative polarimetric studies
of circumstellar disks and planetary and brown dwarf companions.
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3.1 Introduction

The near-infrared (NIR) polarimetric modes of the high-contrast imaging instruments
SPHERE-IRDIS (Beuzit et al., 2019; Dohlen et al., 2008; de Boer et al., 2020; Chap-
ter 2) at the Very Large Telescope, Gemini Planet Imager (GPI; Macintosh et al., 2014;
Perrin et al., 2015) at the Gemini South Telescope, and HiCIAO (Hodapp et al., 2008)
at the Subaru Telescope have been very successful at imaging circumstellar disks of var-
ious ages (Garufi et al., 2017; Avenhaus et al., 2018; Esposito et al., 2020; Hashimoto
et al., 2011; Muto et al., 2012) using polarimetric differential imaging (PDI). GPI and
SPHERE-IRDIS have also been used to search for polarization from planetary and brown
dwarf companions (Millar-Blanchaer et al., 2015; Jensen-Clem et al., 2016, 2020; Chap-
ter 4), leading to the detection of polarization from the stellar companion CS Cha B
(Ginski et al., 2018; Haffert et al., 2020), and more recently, the first detection of po-
larization from a planetary mass companion (Chapter 5). In 2017, the Subaru telescope
lost its high-spatial resolution NIR imaging polarimetric capability when HiCIAO was
decommissioned. The current high-contrast imager is the Subaru Coronagraphic Extreme
Adaptive Optics (SCExAO) system (Jovanovic et al., 2015; Lozi et al., 2018). While ini-
tially SCExAO had no NIR polarimetric capabilities, recently a spectropolarimetric mode
(Lozi et al., 2019b), which is unique among high-contrast imagers, was implemented for
its Coronagraphic High Angular Resolution Imaging Spectrograph (CHARIS) subsystem
(Groff et al., 2017).

SCExAO is located on the NIR Nasmyth platform of the Subaru telescope, behind
the AO188 system (Minowa et al., 2010), which provides an initial low-order wavefront
correction. The extreme adaptive optics system of SCExAO consists of a pyramid wave-
front sensor that operates at wavelengths in the range 600-900 nm (Lozi et al., 2019a),
a deformable mirror with 45 actuators over the pupil, and the real-time control software
Compute and Control for Adaptive Optics (Guyon et al., 2018). SCExAO feeds light to
several science instruments, among which is CHARIS that provides low-resolution spec-
tra with a resolving power R = 18 over the JHK-bands with a field-of-view (FOV) of
2′′×2′′. To enable the spectropolarimetric capability, a Wollaston prism, which splits the
light into two orthogonal linear polarization states, has been placed directly upstream
of CHARIS. The existing half-wave plate (HWP) located upstream of AO188, that was
originally implemented for HiCIAO, is used to modulate the incident polarization to be
measured.

The accuracy of the CHARIS spectropolarimetric measurements is currently limited
by instrumental polarization effects of the telescope and instrument. The dominant effects
are instrumental polarization (IP) and polarimetric crosstalk, which both cause the mea-
sured polarization state to differ from the true polarization state incident on the telescope.
IP is the introduction of polarization signals by the telescope or instrument, and can make
an unpolarized target appear to be polarized. It is caused by the diattenuation of an optical
component, which is the difference in reflectance or transmission of the two orthogonal
linear polarization states. Crosstalk is the conversion of linear to circular polarization (and
vice versa) by optical components, and can lower the polarimetric efficiency (the fraction
of the incident linear polarization that is actually measured) and can cause an offset of the
measured angle of linear polarization. Crosstalk is the result of retardance, which is the
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difference in acquired phase between two orthogonal linear polarization states when light
reflects of a mirror or transmits through an optic.

To enable unique and highly accurate quantitative polarimetry of circumstellar disks,
planets, and brown dwarf companions with the spectropolarimetric mode of CHARIS,
we are developing a detailed and fully validated Mueller matrix model that describes
the instrumental polarization effects of the telescope and instrument. For this work we
follow the methodology and definitions from Chapter 2 as used for the polarimetric cal-
ibration of SPHERE-IRDIS. We calibrate the Mueller matrix model with measurements
from SCExAO’s internal light source and observations of polarization standard stars. For
these calibrations, the 22 wavelength bins of CHARIS provide a unique opportunity to
investigate in detail the wavelength dependence of the instrumental polarization effects.
After completing the calibrations, we will use the model for the post-processing of sci-
ence observations to correct for the IP and crosstalk. In this chapter, we present the first
results of this project.

The outline of this chapter is as follows. In Sect. 3.2 we describe the optical path of
SCExAO-CHARIS and explain the Mueller matrix model that describes the instrumental
polarization effects of the telescope and instrument. Subsequently, in Sect. 3.3, we out-
line the calibration measurements we performed with the internal light source, the data
reduction, and the fitting of the model parameters to the calibration data. In Sect. 3.4,
we then present the results of fitting the model parameters of the HWP and derotator, and
discuss theoretical computations of the instrumental polarization introduced by the tele-
scope. Finally, in Sect. 3.5 we present conclusions and a brief outlook on future steps for
this project.

3.2 Mathematical description of complete optical system

3.2.1 Optical path of SCExAO-CHARIS

A simplified optical path showing only the components that are relevant for the SCExAO-
CHARIS polarimetric mode is presented in Fig. 3.1. The Subaru telescope is an 8-m
class, altazimuth-mounted Ritchey-Chrétien telescope located at 4.2 km altitude on the
summit of Mauna Kea. During observations the incident light is collected by the primary
mirror (M1) and reflected to the secondary mirror (M2) that is suspended at the top of
the telescope. The M2 subsequently reflects the light down toward the flat tertiary mirror
(M3) that has an angle of incidence of 45◦ to reflect the light to the Nasmyth platform
where SCExAO is located. This M3 is coated with silver for high reflectivity in the NIR
wavelength range. While the object moves across the sky during the night, it rotates with
the parallactic angle in the pupil of the telescope, and the telescope rotates with respect to
the Nasmyth platform to track the altitude angle of the object.

When the light reaches the Nasmyth platform it passes a system that can be inserted
into the light beam to perform calibration measurements. This calibration system consists
of an internal (calibration) light source, a flat mirror with a 45◦ angle of incidence, and
a manually rotatable linear polarizer. After the calibration system the light reaches an
insertable and rotatable broadband half-wave plate (HWP), which is used to temporally
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Figure 3.1: Overview of the optical path from the Subaru telescope to SCExAO-CHARIS,
showing only the components relevant for polarimetric measurements. Circular arrows
next to a component indicate that it is rotatable. The symbols next to the components
indicate their model parameters and rotation (offset) angles. Also shown are the Stokes
vectors incident on the telescope, the HWP, and the detector. Note that the beam switcher
that is included in this figure has not been built at the moment of writing.

modulate the polarization state of the incident light. Following the HWP there is an image
derotator, which consists of a three-mirror assembly (K-mirror) on a rotation stage. When
the K-mirror rotates, it rotates both the image and the angle of linear polarization. For
observations with SCExAO, the image derotator operates in pupil-stabilized mode. The
derotator is followed by the adaptive optics of AO188, which includes a deformable mirror
to correct for wavefront aberrations and a dichroic beamsplitter to feed the wavefront
sensor. All reflections in AO188 are in the horizontal plane (i.e., parallel to the Nasmyth
platform).

Currently, SCExAO is located directly behind AO188, and this location is shared by
other instruments. Therefore, SCExAO has to be regularly craned in and out of this
position for observations. As this process is very cumbersome, a beam switcher with
multiple output ports to serve all the instruments on the Nasmyth platform is considered
for a future upgrade (Lozi et al., 2017). SCExAO will then be located behind the beam
switcher at one of these ports and the need for craning is eliminated. The reflections within
the current beam switcher design are exclusively in the horizontal and vertical planes.

Within SCExAO the light has multiple reflections in the horizontal plane before a
field stop limits the FOV to 2′′×1′′. The field stop is followed by a Wollaston prism that
splits the light into the orthogonal horizontal and vertical linear polarization states before
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it enters CHARIS. Within CHARIS, the light passes a lenslet array and a prism to create a
field of spectra in each of the two orthogonal linear polarization states, which then strike
the detector side by side.

SCExAO hosts many different coronagraphs to suppress starlight, and most are not
expected to affect polarimetric measurements. Two exceptions are the vector vortex coro-
nagraph (Kühn et al., 2018) and the vector-Apodizing Phase Plate (Doelman et al., 2017).
However, with their current implementation these coronagraphs cannot be combined with
polarimetry (Snik et al., 2014).

To measure the Stokes parameters Q and U and the corresponding total intensities
IQ and IU , a HWP cycle is performed which consists of four consecutive measurements
with HWP switch angles equal to 0◦, 45◦, 22.5◦, and 67.5◦. For each wavelength bin, we
then compute from the resulting left (L) and right (R) intensities on the detector of each
measurement, Idet,L and Idet,R, the single difference and single sum as:

X± = Idet,L − Idet,R, (3.1)

IX± = Idet,L + Idet,R, (3.2)

with X± the single-difference Q+, Q−, U+, and U− (taken at HWP switch angles 0◦, 45◦,
22.5◦, and 67.5◦), and IX± the corresponding single-sum intensities IQ+ , IQ− , IU+ , and IU− .
We then compute the double difference and double sum as:

X =
1
2

(
X+ − X−

)
, (3.3)

IX =
1
2

(IX+ + IX− ) , (3.4)

with X the double-difference Q or U and IX the double-sum IQ or IU .

3.2.2 Mueller matrix model of optical path
To mathematically describe the instrumental polarization effects of the optical system of
SCExAO-CHARIS, we create a Mueller matrix model similar to that of Chapter 2 for
SPHERE-IRDIS. We use the same definitions of the Stokes parameters, reference frames,
and Mueller matrices as described in that work. The relevant Stokes vectors and model
parameters describing the components are shown in Fig. 3.1. Because the optical setups
of SPHERE-IRDIS and SCExAO-CHARIS are quite similar, the Mueller matrix models
of both instruments show many similarities.

The Stokes vectors reaching the left and right halves of the detector, Sdet,L and Sdet,R,
can be written in terms of the true Stokes vector incident on the telescope Sin as:

Sdet,L/R = Msys,L/RSin,
Idet,L/R
Qdet,L/R
Udet,L/R
Vdet,L/R

 =


I→ I Q→ I U→ I V→ I
I→Q Q→Q U→Q V→Q
I→U Q→U U→U V→U
I→V Q→V U→V V→V




Iin
Qin
Uin
Vin

 ,
(3.5)
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where Msys,L/R is the Mueller matrix that describes the instrumental polarization effects
of the images on the left or right half of the detector. We can further express Msys,L/R in
terms of the separate components and their rotations as:

Sdet,L/R = Msys,L/RSin,

Sdet,L/R = MW,L/RT (−Θder)MderT (Θder)T (−ΘHWP)MHWPT (ΘHWP)
T (−a)MtelT (p)Sin, (3.6)

where p is the parallactic angle, a is the telescope altitude angle, and:

ΘHWP = θHWP + δHWP, (3.7)

Θder = θder + δder, (3.8)

with θHWP the HWP angle, θder the derotator angle, δHWP the HWP offset angle, and
δder the derotator offset angle. The rotations of the components and Stokes vectors are
described with the rotation matrix T (θ):

T (θ) =


1 0 0 0
0 cos(2θ) sin(2θ) 0
0 − sin(2θ) cos(2θ) 0
0 0 0 1

 . (3.9)

The Mueller matrices Mtel, MHWP, and Mder describe the three mirrors of the telescope,
the HWP, and the three mirrors of the image derotator, respectively, and are defined as the
component Mueller matrix Mcom:

Mcom =


1 ϵ 0 0
ϵ 1 0 0
0 0

√
1 − ϵ2 cos∆

√
1 − ϵ2 sin∆

0 0 −
√

1 − ϵ2 sin∆
√

1 − ϵ2 cos∆

 , (3.10)

where ϵ is the diattenuation and ∆ is the retardance of the component. The optical com-
ponents downstream of the derotator, except for the Wollaston prism, to first order do
not affect our measurements (see Chapter 2). All reflections downstream of the derotator
lie in the horizontal (and vertical) plane, and therefore these components do not pro-
duce crosstalk affecting the horizontal or linear polarization states that pass the Wollaston
prism. In addition, because we compute the Stokes parameters Q and U from the double
difference, any diattenuation produced downstream of the derotator is removed. The ma-
trix MW,L/R therefore only describes the left and right channels of the Wollaston prism:

MW,L/R =
1
2


1 ±1 0 0
±1 1 0 0
0 0 0 0
0 0 0 0

 , (3.11)

where the plus- and minus-signs are used for the left and right detector halves, respec-
tively. This Mueller matrix represents a perfect polarizing beamsplitter, because the ex-
tinction ratio of Wollaston prisms exceeds 100.000:1 (King & Talim, 1971).
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To model the measurement of a Stokes parameter and the corresponding total intensity
from a pair of measurements, we calculate for each measurement Sdet,L and Sdet,R from
Eq. (3.6) and retrieve Idet,L and Idet,R from the first element of these vectors. Subsequently,
we compute the single differences X± and single sums IX± from Eqs. (3.1) and (3.2), and
the double-difference X and double-sum IX from Eqs. (3.3) and (3.4). Finally, we compute
the normalized Stokes parameter x, as:

x =
X
IX
. (3.12)

We note that only for measurement pairs using HWP switch angles equal to 0◦, 45◦, 22.5◦,
and 67.5◦ the Stokes parameters X and x correspond to Q, U, q, and u.

3.3 Measurements and data reduction
With the Mueller matrix model of the optical system defined, we can now experimentally
determine the model parameters describing the optical path downstream of the telescope.
To this end, we took a total of 340 calibration measurements with the internal (calibration)
light source on February 19, 2020. The calibration polarizer, which is located downstream
of the light source (see Fig. 3.1), was inserted in the optical path with its transmission axis
at 45◦ to the horizontal. This setup therefore injected almost 100% positive U-polarized
light into the system. The measurements were taken at many combinations of HWP and
derotator angles, with the HWP angle ranging from 0◦ to 78.75◦ with steps of 11.25◦,
and the derotator angle ranging from 45◦ to 127.5◦ in steps of 7.5◦. The aim of these
measurements is to fit the retardances and offset angles of the HWP and the derotator.
We cannot use these measurements to fit the diattenuations of the HWP and the derotator,
because for that we would need measurements without the calibration polarizer inserted.
However, because these diattenuations are expected to be very small (as is the case for
SPHERE-IRDIS; Chapter 2) we did not take such measurements.

We preprocess the raw data with the CHARIS data-reduction pipeline1 (Brandt et al.,
2017) using the standard settings (given by the examples in the documentation) for the
wavelength calibration and data extraction. The result is a three-dimensional data cube
with two spatial axes and one spectral axis with 22 wavelength bins. One of the images
resulting from the preprocessing (for a single wavelength bin) is shown in Fig. 3.2. The
square 2′′×2′′ image is divided into a left and right 2′′×1′′ rectangular image, correspond-
ing to the two orthogonal linear polarization states.

After the preprocessing is completed, we retrieve the normalized Stokes parameters
from the images for each of the 22 wavelength bins. To this end, we define eight square
apertures on both the left and right halves of each image (see Fig. 3.2), and sum the flux
in each of the apertures. We then compute eight values for the single difference and single
sum (following Eqs. (3.1) and (3.2)) by respectively subtracting and adding the summed
flux in apertures marked by the same number in Fig. 3.2. Subsequently, we compute
values for the double difference and double sum (following Eqs. (3.3) and (3.4)) from
the single-difference and single-sum values computed from images that were taken at the

1http://princetonuniversity.github.io/charis-dep

http://princetonuniversity.github.io/charis-dep
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Figure 3.2: Preprocessed image of a single wavelength bin showing the left and right
2′′×1′′ rectangular images of the two orthogonal linear polarization states. Eight square
apertures, which are used to compute the single-difference and single-sum values, are
shown in red on each rectangular image.

same derotator angle and at HWP angles that differ by 45◦. Finally, we compute the
normalized Stokes parameters by dividing the resulting double-difference values by the
corresponding double-sum values (following Eq. (3.12)).

To describe the measurements, we apply Eq. (3.12) and insert Eqs. (3.1)–(3.11). We
only use the part of Eq. (3.6) downstream of the telescope:

Sdet,L/R = MW,L/RT (−Θder)MderT (Θder)T (−ΘHWP)MHWPT (ΘHWP)SHWP, (3.13)

where SHWP = T (45◦ − δcal)[1, d, 0, 0]T is the Stokes vector incident on the HWP, with
δcal and d respectively the offset angle and diattenuation of the calibration polarizer.

We now fit our model to the data points using non-linear least squares. We use the
Powell algorithm as implemented in the Python function scipy.optimize.minimize.
For each of the 22 wavelength bins we fit the retardance of the HWP ∆HWP, the retardance
of the derotator ∆der, the HWP angle offset δHWP, and the diattenuation of the calibration
polarizer d. For the angle offsets of the derotator and the calibration polarizer, δder and
δcal, we fit only a single value valid for all wavelength bins. Because we cannot accurately
determine the diattenuations of the derotator and HWP from these measurements with the
calibration polarizer inserted, we set ϵHWP and ϵder to their ideal values of 0.
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3.4 Results

3.4.1 Instrumental polarization effects of the HWP and derotator

The fitted values for the retardance of the derotator and the HWP as a function of wave-
length are shown in Fig. 3.3. The derotator retardance ∆der ideally has a constant value
of 180◦. However, as shown in Fig. 3.3 (left), the retardance strongly varies with wave-
length. At λ = 1180 nm the retardance has a value of ∆der ≈ 250◦, then rapidly drops off to
∆der ≈ 70◦ for λ = 1800 nm, and stabilizes around values between 60◦ and 65◦ for wave-
lengths between 1800 and 2400 nm. Around λ = 1600 nm, the retardance is close to 90◦,
which means that the derotator acts as an almost perfect quarter-wave plate (QWP) and
thus converts almost all incident linear polarization to circular polarization. For the dero-
tator offset angle, we assumed a constant value with wavelength and find δder = −0.42◦.

The HWP retardance ∆HWP is plotted in Fig. 3.3 (right). As with the derotator, the
HWP retardance would ideally have a constant value of 180◦. However, we find that ∆HWP
varies between 167.5◦ and 185◦ for the measured wavelength range, and that it is exactly
half wave around λ = 2200 nm. The measured retardance curve is very similar to that
of commercially available achromatic HWPs2. For λ < 1400 nm, the fitted retardance
values are very noisy and do not follow a smooth curve as we would expect from the
physics of wave plates. We have not yet determined the exact cause for this behavior.
For our fit of the model parameters, we have allowed the HWP offset angle δHWP to vary
with wavelength and find that it indeed varies between −0.4◦ and −0.8◦. However, the
orientation of the optic axis of an achromatic HWP cannot vary with wavelength due to
the relatively simple design of such a wave plate. Therefore the wavelength variations of
the HWP offset angle are most likely not physical and we adopt the mean value of −0.6◦

as the HWP offset angle for all wavelength bins.
In Fig. 3.4 we show the fitted values for the diattenuation of the calibration polar-

izer d as a function of wavelength. It shows that the diattenuation is relatively constant
(0.98 < d ≤ 1) between 1180 and 2200 nm and drops sharply for λ > 2200 nm. This
sharp drop can be explained by a sudden decrease in optical performance or, more likely,
by a measurement bias due to the increasing thermal background of the instrument at
these longer wavelengths. For the offset angle of the calibration polarizer, we assumed a
constant value with wavelength and find δcal = 0.76◦.

By comparing the measured degree of linear polarization P =
√

(q2 + u2) and angle of
linear polarization χ = 1/2 arctan(u/q) with the values these quantities would have if the
optical components were ideal, we can calculate the polarimetric efficiency and offset of
the angle of linear polarization. The results of these calculations for various wavelengths
are shown as a function of derotator angle in Fig. 3.5. In the ideal case, the polarimetric
efficiency would be 100% for all derotator angles and wavelengths. However, as shown
in Fig. 3.5 (left), the polarimetric efficiency shows strong variations with derotator angle.
The polarimetric efficiency is minimized for derotator angles around 45◦ and 135◦, and
is maximized for derotator angles close to 0◦, 90◦ and 180◦. This behaviour is due to the
derotator having a retardance that is not equal to 180◦ (see Fig. 3.3, left). For derotator

2https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2193

https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2193
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Retardance derotator Retardance HWP

Figure 3.3: Fitted retardances of the derotator (left) and the HWP (right) as a function
of wavelength. Ideally, the derotator and HWP would have a retardance of 180◦ for all
wavelengths.

Figure 3.4: Fitted diattenuation of the calibration polarizer as a function of wavelength.
Ideally, the diattenuation would have a value of 1 for all wavelengths.
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Figure 3.5: Measured polarimetric efficiency (left) and offset of the angle of linear polar-
ization (AOLP; right) as a function of derotator angle for various wavelengths. Ideally,
the polarimetric efficiency would be 100% and the offset of the angle of linear polariza-
tion 0◦ for all wavelengths and derotator angles. We note that the two panels show slightly
different wavelength bins.

angles close to 45◦ and 135◦, the derotator is optimally oriented to convert the horizontal
and vertical polarization states to circular polarization, which cannot be measured using
the Wollaston prism. The asymmetry between the minima of the polarimetric efficiency at
derotator angles of 45◦ and 135◦ is caused by the HWP retardance being offset from 180◦.

From Fig. 3.5 (left), we also see that the derotator retardance varies strongly with
wavelength. For λ = 1575 nm the polarimetric efficiency even drops to a value close to
5% at a derotator angle of 45◦. An overview of the minimum polarimetric efficiency as
a function of wavelength is plotted in Fig. 3.6. This figure shows that the polarimetric
efficiency peaks around λ = 1300 nm, when the derotator retardance is closest to 180◦

(see Fig. 3.3, left). We also see that at wavelengths around λ = 1600 nm the lowest
polarimetric efficiency can be reached, because at these wavelengths the derotator acts as
an almost perfect QWP.

For an ideal instrument, there would be no offset of the angle of linear polarization for
all derotator angles and wavelengths. However, as shown in Fig. 3.5 (right), the derotator
retardance does not only decrease the polarimetric efficiency, but also introduces a non-
zero offset of the angle of linear polarization. The offset is strongest for derotator angles
close to 45◦ and 135◦ where the polarimetric efficiency is lowest, and is close to zero
for derotator angles around 0◦, 90◦, and 180◦. Similar to the curves of the polarimetric
efficiency, the curves for the angle offset show an asymmetry between derotator angles of
45◦ and 135◦ that is caused by the non-ideal value of the HWP retardance. As with the
polarimetric efficiency, we find that the angle offset strongly varies with wavelength. For
several wavelength bins the offset angle can even be as large as ±90◦.

Finally, we note that the results discussed in this subsection are very similar to those
presented for SPHERE-IRDIS in Chapter 2. One reason for this is that the optical setups
of SPHERE-IRDIS and SCExAO-CHARIS are quite similar. However, the results also
suggests that the design of the HWP and the coating of the derotator are comparable to
those used for SPHERE.
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Figure 3.6: Minimum polarimetric efficiency as a function of wavelength.

3.4.2 Instrumental polarization of the telescope
The instrumental polarization (IP) of the telescope is almost completely created by the
telescope’s tertiary mirror (M3). This silver-coated mirror has an angle of incidence of 45◦

and deflects the light arriving from the secondary mirror to the Nasmyth platform where
SCExAO is located. The first and secondary mirror of the telescope are axisymmetric and
therefore do not create significant instrumental polarization (Tinbergen, 2005).

We can theoretically predict the IP of the telescope by computing the diattenuation ϵ
of M3 for each wavelength bin with the Fresnel equations. For this calculation we obtain
the refractive indices of silver from Rakić et al. (1998). We describe the measurements
with only the part of Eq. (3.6) upstream of the HWP:

SHWP = T (−a)MtelT (p)Sin. (3.14)

We set Sin = [1, 0, 0, 0]T , and retrieve the normalized Stokes parameters q and u from the
second and third elements of SHWP.

Figure 3.7 (left) shows the resulting q and u as a function of telescope altitude angle for
four of the wavelength bins, including the bins of the shortest and longest wavelengths.
The shape of the curves can be explained as follows. M3 produces IP that is oriented
perpendicular to the plane of incidence of the mirror, and this plane of incidence rotates
with respect to the instrument when the telescope altitude angle is changed. Whereas
the degree of linear polarization P = ϵ of this IP signal does not change with altitude
angle, the angle of linear polarization is exactly equal to the altitude angle: χ = a. The
normalized Stokes parameters thus vary as q = ϵ cos(2a) and u = ϵ sin(2a). We note that
the shape of the curves for q and u differ from those determined for SPHERE-IRDIS in
Chapter 2 because in that case the IP of both the telescope and the first mirror of SPHERE
(M4) are considered.

From Fig. 3.7 (left) we also see that the IP is different for the various wavelength bins
plotted. In Fig. 3.7 (right) we therefore show the IP (the diattenuation) for each of the
22 wavelength bins. The IP is largest for the shortest wavelength (∼0.7%), and decreases
monotonically for longer wavelengths to a value of ∼0.5%. This behavior is exactly the
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Figure 3.7: Theoretically predicted instrumental polarization of the telescope expressed
as the normalized Stokes parameters q and u as a function of telescope altitude angle for
four wavelength bins (left) and as the diattenuation for the 22 wavelength bins (right).

same as that found for the telescope of SPHERE-IRDIS in Chapter 2. However, in that
case the IP is overall larger, because the M3 of the Very Large Telescope is coated with
aluminum rather than silver.

Although the results presented in Fig. 3.7 are qualitatively accurate, the exact val-
ues for the diattenuation at each wavelength bin will differ in reality. We have therefore
observed the polarization standard star HD 283809 (Messinger et al., 1997) during the
SCExAO engineering nights on 31 January, and 9 February 2020. This polarization stan-
dard star has a well-measured degree and angle of linear polarization that we will use to
accurately calibrate the IP of the telescope as a function of wavelength.

3.5 Conclusions and outlook

In this chapter we have presented the first results of our efforts to characterize the instru-
mental polarization effects of the spectropolarimetric mode of SCExAO-CHARIS. We
have created a detailed Mueller matrix model describing the telescope and instrument.
Using measurements with the internal light source and a calibration polarizer, we have de-
termined the retardance of the derotator and the HWP for each of the 22 wavelength bins.
We find that the retardance of the derotator strongly varies with wavelength (with values
between 50◦ and 250◦), and that it acts as an almost perfect quarter-wave plate (QWP)
at wavelengths around 1600 nm. The retardance of the HWP varies between 167.5◦ and
185◦ over the wavelength range considered. The curve of the retardance versus wave-
length suggests that the HWP is an achromatic wave plate, similar to those commercially
available. The non-ideal values of the derotator retardance results for some wavelengths
in very low polarimetric efficiencies at derotator angles around 45◦ and 135◦. In the
worst case, at wavelengths close to 1600 nm, ∼95% of the incident linear polarization is
converted to circular polarization that cannot be measured. The variations in the polari-
metric efficiency are accompanied by offsets of the angle of linear polarization that can
be as large as ±90◦. These results are very similar to those obtained with calibrations of
SPHERE-IRDIS as presented in Chapter 2.
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To estimate the instrumental polarization (IP) of the telescope, we have performed
theoretical calculations for each wavelength bin using the Fresnel equations. We find that
the degree of linear polarization of the IP does not vary with the telescope altitude angle.
This degree of linear polarization is largest (∼0.7%) for the shortest wavelengths, and
decreases monotonically for longer wavelengths to a value of ∼0.5%. The angle of linear
polarization of the IP is exactly equal to the altitude angle of the telescope.

In the future, we plan to accurately determine the IP of the telescope with measure-
ments of the polarization standard star HD 283809 that we recently obtained. We will
also fit comprehensive physical models to all calibration data, including models that ac-
curately describe the design of the HWP and the coating of the derotator. Subsequently,
we will perform a careful error analysis to determine the polarimetric accuracy of our
model. Finally, we will integrate the complete Mueller matrix model into the existing
CHARIS post-processing pipeline (Currie et al., 2011; Currie et al., 2012, 2018), with the
aim to achieve a polarimetric accuracy of <0.1% in the degree of linear polarization. This
pipeline will be comparable to the IRDAP pipeline3 (Chapter 2) for SPHERE-IRDIS, and
will be made publicly available to the community.

The spectropolarimetric mode of CHARIS is one of three polarimetric modes cur-
rently available at SCExAO. A fast polarimetry mode combined with non-redundant aper-
ture masking interferometry is offered in the visible (600-800 nm) by the VAMPIRES
instrument (Norris et al., 2015). Currently under development is a fast NIR polarimetry
mode employing a ferroelectric liquid crystal that provides fast polarization modulation
(up to a ∼1 kHz) in synchronisation with a C-RED ONE camera (Feautrier et al., 2017),
and a Wollaston prism to split the orthogonal linear polarization states. Compared to
CHARIS, these two additional modes operate with different polarization-sensitive com-
ponents, and use either different wavelength ranges or different bandwidths. To enable
accurate polarimetry with these modes as well, separate polarimetric calibration measure-
ments need to be performed. Our calibrations of CHARIS’ spectropolarimetric mode will
enable unique quantitative polarimetric studies of circumstellar disks and planetary and
brown dwarf companions.
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