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Abstract  We  have  developed  an  advanced  UV  spectropolarimeter  called  Chro-
mospheric  LAyer  SpectroPolarimeter  (CLASP2),  aimed  at  achieving  very  high  
accuracy  measurements  (<0.1%  at  3σ)  of  the  linear  (Q/I  and  U/I)  and  circular  
(V/I)  polarizations  of  the  Mg  ii  h  and  k  lines  (280  nm).  CLASP2  was  launched  on  
board  a  NASA  sounding  rocket  on  April  11,  2019.  It  successfully  detected  the  full  
Stokes  vector  in  an  active  region  plage  and  in  the  quiet  Sun  near  the  limb  across  
the  Mg  ii  h  and  k  lines  for  the  first  time.  To  verify  the  polarization  characteristics  
of  CLASP2,  the  response  matrix  is  estimated  by  combining  the  results  obtained  
from  the  pre-flight  calibration  on  the  ground,  with  the  results  of  the  in-flight  
calibration  acquired  at  the  solar  disk  center.  We  find  that  the  response  matrix  of  
CLASP2  in  the  Mg  ii  h  and  k  lines  is  notably  close  to  an  ideal  response  matrix,  
i.e.,  the  scale  factor  and  the  crosstalk  terms  are  close  to  1  and  0,  respectively.  
Moreover,  the  uncertainty  of  each  Stokes  parameter  estimated  by  the  
repeatability  of  the  measurements  is  verified  to  be  within  the  required  tolerance.  
Based  on  our  investigation,  we  conclude  that  CLASP2  achieves  0.1%polarization  
accuracy  at  a  3σ  level. 

Keywords:  Magnetic  fields,  Chromosphere;  Instrumental  Effects;  Spectropo-
larimetry,  Ultraviolet 
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1. Introduction 

The solar chromosphere is an inhomogeneous region that is full of fine-scale 
structures undergoing a variety of dynamics and heating phenomena. Over the 
last 10 years, advanced multi-wavelength observations have demonstrated that 
such chromospheric structures are crucial to the supply and balance of mass and 
energy in the outer solar atmosphere. 
The Mg ii h and k resonance lines (around 280 nm) are some of the strongest 

chromospheric lines and have been widely used to explore the upper solar chro-
mosphere. In particular, the unprecedented high-resolution spectroscopic ob-
servations provided by the Interface Region Imaging Spectrograph (IRIS; De 
Pontieu et al., 2014b) have revolutionized our understanding of the critical role 
of this highly dynamic interface region between the photosphere and the corona, 
e.g., the mechanism behind excitation and propagation of magnetohydrodynamic 
waves (Tian et al., 2014; Song et al., 2017b), plasma ejections and heating 
phenomena (De Pontieu et al., 2014a), and transport and dissipation of energy 
(Okamoto et al., 2015; De Pontieu et al., 2021). Despite these recent advances, 
our lack of empirical knowledge regarding the direction and strength of magnetic 
fields in the chromosphere is a major impediment to a better understanding of 
the solar atmosphere. 
The direct measurement of magnetic fields in the solar chromosphere is one 

of the major remaining challenges in solar physics. In the past decade, several 
theoretical studies have predicted that these magnetic fields can produce measur-
able modifications in the polarization Q/I profiles across the Mg ii h and k lines 
(Belluzzi and Trujillo Bueno, 2012; del Pino Alemán, Casini, and Manso Sainz, 
2016; del Pino Alemán et al., 2020; Alsina Ballester, Belluzzi, and Trujillo Bueno, 
2016). Belluzzi and Trujillo Bueno (2012) theoretically predicted a pattern of the 
near-limb scattering polarization profile in the range of 279.0−280.7 nm based 
on an advanced radiative transfer calculation using a semi-empirical model of 
the quiet-Sun atmosphere. Their calculated Stokes Q/I profile shows a complex 
pattern, in which the core of the Mg ii k line contains a positive line-center signal 
with an amplitude of 1.5%, surrounded by two negative peaks at the blue and 
red near-line wings. Additionally, the far blue and red wings show positive Q/I 
signals, and the line wing between Mg ii h and k presents negative polarization. 
We note that positive and negative signs of Q/I are defined as parallel and 
perpendicular to the solar limb, respectively. Belluzzi and Trujillo Bueno (2012) 
demonstrated that such a complex Q/I pattern results from the joint action 
of the partial frequency redistribution and quantum interference between the 
upper J-levels of the two lines (J-state interference). In addition, they showed 
that there is no scattering polarization at the center of the Mg ii h line, and that 
its Q/I profile is antisymmetric. 
Alsina Ballester, Belluzzi, and Trujillo Bueno (2016); del Pino Alemán, Casini, 

and Manso Sainz (2016); and del Pino Alemán et al. (2020) showed that the 
amplitudes of the Stokes Q/I and U/I profiles at the Mg ii k line center are 
modified by more than 0.1% due to the Hanle effect, if the magnetic field strength 
is ≥ 10 G. In addition, the amplitudes of wings of the Mg ii h and k lines 
may change more than 0.1% due to magneto-optical effects. On the other hand, 
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Figure 1. Optical design of CLASP2. The coordinate system of the mechanical axis of 
CLASP2 is shown with red arrows. The X-axis corresponds to the slit direction. The black 
text indicates the optical elements in common with CLASP1, whereas the red text indicates 
the new optics and structures in CLASP2. The green text indicates the re-coated mirror of 
CLASP2. 

circular polarization signals (V/I) are introduced at both the Mg ii h and k 
lines by the Zeeman effect. Previous theoretical studies have showed that a 10 G 
longitudinal magnetic field produces a 0.1% circular polarization signal. These 
theoretical results clearly indicate that a polarization accuracy greater than 0.1% 
with a spectral resolution of 0.01 nm and a spatial resolution of the order of 10 
arcsec is required to investigate the magnetic fields in the quiet regions of the 
upper chromosphere. 
An advanced UV spectropolarimeter, named Chromospheric LAyer Spec-

troPolarimeter (hereafter, CLASP2; Narukage et al., 2016), was developed to 
investigate the magnetic fields of the upper solar chromosphere using the spec-
tropolarimetry across the Mg ii h and k lines in the near-UV spectral window of 
279.985 ± 0.45 nm at 0.1% polarization accuracy. On April 11, 2019, CLASP2 
was launched at White Sands Missile Range. It successfully detected full Stokes 
profiles of an active region plage (Ishikawa et al., 2021) and of a quiet region 
near the limb (Rachmeler et al., 2022; submitted). In this study, the polarization 
characteristics of CLASP2 are verified by determining its response matrix. 

2. The CLASP2 Instrument 

CLASP2 follows the successful design of the Chromospheric Lyman-Alpha Spec-
troPolarimeter (hereafter CLASP1; Kano et al., 2012; Narukage et al., 2015), 
which was the first to measure the linear polarization in the hydrogen Lyα line 
(121.57 nm; Kano et al., 2017) and the Si iii line (120.65 nm; Ishikawa et al., 
2017). Figure 1 shows the optical design of CLASP2, which has been modified 
from CLASP1. CLASP2 is designed as an optically symmetric structure con-
sisting of a classical Cassegrain telescope with an aperture of φ270 mm, slit-jaw 
optics (SJ; Kubo et al., 2016), and a dual-channel spectropolarimeter. We reused 
many individual components (labeled with black text in Figure 1) and the main 
structure of CLASP1. Minimal modifications (labeled with green and red text in 
Figure 1) were made to optimize for the new spectral window of the Mg ii h and 
k lines required for CLASP2. The major design change from CLASP1 is a new 
magnifying optical system (red box in Figure 1), which is newly installed in front 
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of the two spectropolarimeter cameras. This system doubles the focal length to 
achieve the same spectral resolution as CLASP1 (0.01 nm) while maintaining the 
same dispersion angle for the longer wavelength of CLASP2, and thus allowing 
to reuse the main structure and M3 mirror. Meanwhile, the CLASP2/SJ optics 
remains unchanged from CLASP1 and performs the Lyα imaging observations 
around the slit. The primary mirror was recoated as a dual-band pass cold mirror 
(green text in Figure 1) to achieve high reflectivity not only in the new spectral 
window of the Mg ii h and k lines (280 nm) for the spectropolarimeter, but also in 
the Lyα line for the SJ system. A detailed explanation of the new design is given 
in Tsuzuki et al. (2020). Moreover, the integration and the optical alignment of 
CLASP2 are explained in Song et al. (2018) and Yoshida et al. (2018). 

2.1. The Polarimeter System of CLASP2 

The polarimeter of CLASP2 is composed of a Polarization Modulation Unit 
(PMU; Shimizu et al., 2014; Ishikawa et al., 2015) and two transmissive polar-
ization analyzers. The PMU continuously executes one homogeneous rotation 
every 3.2 s, and contains a compound zero-order MgF2 waveplate (Ishikawa 
et al., 2013). We measured the birefringence of the MgF2 around the 280 nm 
wavelength at the UltraViolet Synchrotron Orbital Radiation (UVSOR) facility. 
The phase retardations of the CLASP1 waveplate are evaluated to be 234.5◦±1◦ 

at the Mg ii k line (279.64 nm) and 233.6◦±1◦ at the Mg ii h line (280.35 nm), 
which results in comparable modulation efficiencies for both the linear and circu-
lar polarizations. Thus, the CLASP1 waveplate was reused in CLASP2. A phase 
retardation of 234◦ is used for CLASP2 demodulation. 
The ±1st order beams, which are dispersed by a newly fabricated grating, pass 

through the transmissive polarization analyzers that are installed in front of the 
magnifying optical system for each channel (Figure 1). The polarization analyz-
ers are “wire grid” linear polarizers (Berger et al., 2012) with their principal axes 
placed in the Y-direction of the CLASP2 mechanical axis (perpendicular to the 
slit) for channel 1 and in the X-direction for channel 2 (parallel to the slit). This 
set-up allows the measurement of two orthogonal polarizations simultaneously. 

3. Polarization Measurement 

3.1. Definition of CLASP2 Polarization Coordinates 

Figure 2 shows the polarization coordinate system as viewed from the entrance 
aperture of CLASP2. The +Q direction is defined parallel to the slit direction, 
which corresponds to the X-axis of the CLASP2 mechanical axis, and each 
direction of the linear Stokes vectors (+U , −Q, and −U) is defined clockwise 
at 45◦ intervals, respectively. This definition is identical to that in Giono et al. 
(2016). Finally, the +V direction is defined as the direction of the electric vector 
rotating clockwise as viewed from the entrance aperture of the instrument, and 
its opposite direction is defined −V . 

SOLA: ms_r2.tex; 8 July 2024; 15:49; p. 5 



Song et al. 

Figure 2. Polarization coordinates as viewed from the entrance aperture of CLASP2. 

3.2. Polarization Modulation 

The interaction of light with optical elements in CLASP2 can result in the 
linear transformation of the incoming Stokes vectors (S). The ruling direction 
of the grating and the slit are parallel to one of the principal axes of the 
polarization analyzers and the M3 mirrors are tilted around the same axis. 
Thus, such an interaction can be represented by the polarizing elements of 
CLASP2, i.e., a polarization analyzer with the orientation α and the MgF2 

waveplate with the fast-axis angle φ and phase retardation δ. This polariza-
tion response of the instrument can be represented by a 4 × 4 Mueller ma-
trix, M(α,δ,φ) =MP (α)MW (δ, φ), and the demodulated Stokes vector S0 can be 
expressed as S0 = M(α,δ,φ)S; 

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ 
I 0 m11 m12 m13 m14 I ⎜ Q0 ⎟ ⎜m ⎟⎜

 S0 =  m ⎟
M S = ⎜ ⎟ = ⎜ 21 m22 23 m24 ⎟⎜ Q ⎟

(α,δ,φ) ⎝ U 0 ⎠ ⎝ m31 m32 m33 m34 ⎠ ⎝ U ⎠ 
V 0 m41 m42 m43 m44 V ⎛ ⎞ 

m11I+m12Q+m13U+m14V ⎜
 ⎜m21I+m22Q+m23U+m= 24V ⎟⎟⎝ . (1) 

m31I+m32Q+m33U+m34V ⎠
m41I+m42Q+m43U+m44V 

As shown in Equation 1, the expression of the matrix is complicated, but only 
the intensity, which is an element of the first row of the matrix (I 0 = m11I + 
m12Q+ m13U +m14V ), is actually recorded in the spectropolarimeter cameras. 
Here, m 1

11 = ,  
 m12 = 1 [cos 2α(cos 2φ + sin2 2φ cos  δ) + sin 2α(cos 2φ sin 2φ(1 −2 2

cos δ))], m = 1 
13 [cos 2α(cos 2φ sin 2φ(1 − cos δ))  

 + sin 2α(sin2 φ + cos2 2φ cos δ)],2
and m 1

14 = [− cos 2α sin  2φ sin δ+sin 2α(cos 2φ sin δ)], thus the intensities (here-2
¯after, Iα,φ,δ) detected in the two spectropolarimeter cameras can be simply 

expressed as 

h 1 1 
Īα,φ,δ = I + (Q cos 2α + U sin 2α)(1 + cos δ) + sin δ sin(2α − 2φ)V 

2 2 
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Polarization Accuracy Verification of CLASP2 �1 
+ (1 − cos δ) (Q cos 2α − U sin 2α) cos 4φ 
2 �i 

+ (Q sin 2α + U cos 2α) sin 4φ , (2) 

where α is the direction of the principal axis of the polarization analyzer in-
stalled on each channel with respect to the X-axis of the mechanical coordinates 
(Figure 3). Hence, α = 90◦ and α = 0◦ for channel 1 and 2, respectively. δ is 
the phase retardation of the waveplate, and φ is the rotation angle of the PMU 
(i.e., the rotation angle of the principal axis of the waveplate with respect to the 
X-axis of the mechanical coordinates). 
The PMU performs a full rotation every 3.2 s in a clockwise direction as 

viewed from the entrance aperture of CLASP2. The spectropolarimeter cameras 
are synchronized with the PMU, acquiring 16 exposures per rotation. The PMU 
sends the first trigger signal to the spectropolarimeter cameras at φ = 0◦ , and 
then sends additional trigger signals to the spectropolarimeter cameras every 0.2 
seconds, corresponding to a PMU rotation angle of 22.5◦ between trigger events. 
The sensors are frame transfer CCDs with no mechanical shutter. When the 
trigger signal is received, the contents of the imaging array is transferred to the 
readout array in about 3.2 ms; this starts the next exposure in the imaging 
array while the readout array is read out. The CLASP2 data has been 
corrected for frame transfer image smear based on Ruyten (1999). 
For the slit-jaw data, the entire CCD area is read out and a full 
smear correction can be performed. For the spectropolarimetric data, 
only a region of interest in the middle part of the CCD area is read 
out. The information in the outer parts is lost, but those regions still 
contribute to the image smear contamination. This was mitigated by 
linearly extrapolating the shape of the spectrum on both the red and 
the blue end in each pixel column, and calculating the image smear 
contamination based on this extrapolation. Thus, the signals recorded by 
the two cameras (Dti,1 for channel 1 and Dti,2 for channel 2) can be expressed 
as the integral of Equation 2 with respect to the rotation angle, φ, of the PMU 
at each exposure: 

Z φbi 

¯Dti,1 = Iα=90◦,φ,δ dφ 
φhai � �1 1 1 

= I − (1 + cos δ) + (1 − cos δ)(sin 4φbi − sin 4φai) Q
2 2 π� �1 

+ (1 − cos δ)(cos 4φ
 bi − cos 4φai) U 

π i4 − sin δ(cos 2φbi − cos 2φ
 ai)V (3)

π

and Z φbi 

¯Dti,2 = Iα=0◦,φ,δ dφ 
φai 
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Table 1. Observed signals in the two spectropolarimeter cameras during half PMU 
rotation. a0, a1, b, c1, and c2 indicate the modulation coefficients with a phase retardation 
of 234◦ . 

Exposure Dti,channel1 Dti,channel2 

t1 1
(φ=0◦−22.5◦) [I − (a0 + a1)Q − bU − c V 1

1  ] [I + (a0 + a1)Q + bU + c1V ]
2 2 

t2 1 1
(φ=22.5◦−45.0◦) [I − (a0 − a1)Q − bU − c2V ] [I + (a0 − a1)Q + bU + c2V ]

2 2 

t3 1
(φ=45.0◦−67.5◦) [I − (a0 − a1)Q + bU − c2V ] 1 [I + (a0 − a1)Q − bU + c2V ]

2 2 

t4 1 1
(φ=67.5◦−90.0◦) [I − (a0 + a1)Q + bU − c1V ] [I + (a0 + a1)Q − bU + c1V ]

2 2 

t5 1
(φ=112.5◦−90.0◦) [I − (a0 + a1)Q − bU + c1V ] 1 [I + (a0 + a1)Q + bU − c 1V ]

2 2

t6 1
(φ=135.0◦−112.5◦) [I − (a0 − a1)Q − bU + c2V ] 1 [I + (a0 − a1)Q + bU − c2V ]

2 2 

t7 1 1
(φ=157.5◦−135.0◦) [I − (a0 − a1)Q + bU + c2V ] [I + (a0 − a 1)Q − bU − c2V ]

2 2

t8 1
(φ=180.0◦−157.5◦) [I − (a0 + a1)Q + bU + c 1

1V ] [I + (a  + a )Q − bU − c V ]
2 2 0 1 1

h � �1 1 1 
= I + (1 + cos δ) + (1 − cos δ)(sin 4φbi − sin 4φ

 ai) Q
2 2 π� �1 − (1 − cos δ)(cos 4φ

 bi − cos 4φai) U 
π i4 

+ sin δ(cos 2φbi − cos 2φai)V (4)
π 

where i indicates the ith exposure, and φai and φbi represent the rotation angles 
of the PMU at the beginning and end of the ith exposure (e.g., φ = 0◦ 

a1 and 
φb1 = 22.5◦), respectively. 
The observed signals in two channels can be simply expressed as a function 

of each exposure, which is shown in Table 1. The terms a0, a1, b, c1, and c2 

shown in the table represent the modulation coefficients a 1
0 = (1 − cos δ),2 

a 1
1 = (1 − cos δ)(sin 4φbi − sin 4φ 1

ai), b = (1 − cos δ)(cos  4φbi − cos 4φai),π π
c  41 = sin δ(cos 2φbi − cos 2φai), and c2 = 4 sin δ(cos 2φbi − cos 2φai).π π 

3.3. Demodulation 

First we demodulate the Stokes signals assuming a wavelength-constant phase 
retardation of 234◦ and an ideal system, that is, the perfectly-know position 
angles of PMU and polarizers (i.e., a0 = 0.206, a1 = 0.505, b = 0.505, c1 = 0.302, 
and c2 = 0.728). Then we compensate the difference from the assumption for 
the true system by applying the response matrix (Section 3.4). 
Demodulation is performed to derive the Stokes signals (Q0/I 0 , U 0/I 0 , and 

V 0/I 0) from the integrated modulated intensities shown in Table 1 using the 
following equations: 

(−D
 t1 + Dt2 + Dt3 − Dt4 − Dt5 + Dt6 + Dt7 − Dt8) DQ± = 
(Dt1 + Dt2 + Dt3 + Dt4 + Dt5 + Dt6 + Dt7 + Dt8) DT 
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Q0 DQ 
= (5)

I 0 a1DT ± a0DQ 

(−Dt2 + Dt3 + D
 t4 − Dt5 − Dt6 + Dt7 + Dt8 − Dt9) DU± = 
(Dt2 + Dt3 + Dt4 + Dt5 + Dt6 + Dt7 + Dt8 + Dt9) DT 

U 0 DU 
= (6)

I 0 a1DT ± a0DQ 

(−Dt3 − Dt4 + Dt5 + Dt6 + Dt7 + Dt8 − Dt9 − Dt10) DV± = 
(Dt3 + Dt4 + Dt5 + Dt6 + Dt7 + Dt8 + Dt9 + Dt10) DT 

V 0 
2a1 DV

 c  +c= 1 2 , (7)
I 0 a1DT ± a0DQ 

where Dti is the integrated intensity at the ith exposure (see, Equation 3 and 4). 
The ‘±’ sign in each the equation corresponds to the demodulation equations of 
channel 1 (positive sign) and channel 2 (negative sign). We find that the a0DQ 

term in the denominator of Equations 5 – 7 has a significant influence if the 
incoming light is highly polarized. In particular, this term must be considered 
in the polarization calibration on the ground, since we use perfectly polarized 
light in our laboratory. 
On the other hand, the demodulation equations for the observation data from 

the Sun can neglect the a0DQ term in the denominator (a1DT � a0DQ) and 
can be simply expressed as 

Q0 DQ U 0 DU V 0 2 D
= , = ,  V 

= , (8)
I 0 a I 0 I 01DT a1DT c1 + c2 DT 

as the Stokes Q signal (as well as U and V ) is significantly smaller than the 
Stokes I signal. 

3.4. Requirements for the Accuracy of Polarization Calibration 

We verify the polarization characteristics of CLASP2 by determining the re-
sponse matrix X (Elmore, 1990; Ichimoto et al., 2008); 

⎛ ⎞ ⎛ ⎞ ⎛ ⎞ 
I 0 1 x12 x13 x14 I ⎜ 0 ⎜ ⎟

 Q ⎟ x  x  x  x  ⎟⎜ Q 
S0 = XS = ⎜ ⎟ = ⎜ 21 22 23 24 ⎟⎜ ⎟⎝ 0 ⎠ ⎝ , (9) 

U x31 x32 x33 x34 ⎠ ⎝ U ⎠
V 0 x41 x42 x43 x44 V 

where S0 and S are the demodulated and incident Stokes vectors. The response 
matrix X can be rewritten by normalizing to the Stokes I 0 = 1+ qx12 + ux13 + 
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vx14, which is given by  ! 
x21 x22 x23 x24 ⎛ ⎞ ⎛ ⎞ ⎛ ⎞

 31 x
Q0/I 0 q0

x x32 x33 34 1 ⎝ ⎠ ⎝ ⎠ x41 x42 x43 x0 0 = 
44 ⎜ ⎟

U /I   
u0 ⎜ q 

= ⎟⎝  (10) 
u ⎠ ,

1 + qx + ux + vx
V 0/I 0 v 0 12 13 14

v 

where q, u, and v are Q/I, U/I, and V/I, respectively. The elements of x12, 
x13, x14, x22, x33, and x44 represent the scale factors that change the degree of 
measured polarization. The elements of x12, x13, and x14 are also interpreted 
as the Q, U , and V to I crosstalk, and are negligible in solar observations, 
where generally I � Q, U , and V . However, they have a significant influence if 
the degree of polarization is close to 100% such as in the polarization calibration 
(Section 5). The other elements of x are crosstalk among the polarization signals, 
e.g., x23 for U → Q crosstalk and x32 for Q → U crosstalk. Additionally, x21, 
x31, and x41 represent a crosstalk from intensity to the polarization signal, i.e., 
spurious polarization terms. In the ideal case, X is a 4 × 4 identity matrix (i.e., 
unity scale factor and no crosstalk). 
Our polarization calibration implementation aims to determine the response 

matrix of CLASP2 within the required tolerance. The final goal of CLASP2 is to 
achieve a polarization accuracy of 0.1% at 3σ level. As described in Appendix A, 
the main source of polarization errors is photon noise (σphoton ≈ 0.02%) and 
measurement errors in the polarization calibration. The latter consists of the 
measurement errors associated to the spurious polarization term (�s), scale fac-
tors (�a), and crosstalk (�c) in the response matrix. By allocating 0.017% to �s 

(Ishikawa et qal., 2014) as well as 0.0137% to �a and �c, the total polarization 

error is σ = σ2 
photon + �2  �2 + �2 

s + a c ≈ 0.033%.

The required tolerance of the scale factor and crosstalk terms can be estimated 
by dividing �a and �c by the maximum polarization degree expected for solar 
observations (Ichimoto et al., 2008). The maximum polarization degree is about 
3% for the linear (pl) and circular (pv) polarizations (Alsina Ballester, Belluzzi, 
and Trujillo Bueno, 2016). Four terms of the scale factors and two terms of the 
crosstalk contribute to each fractional polarization of Q0/I 0 , U 0/I 0 , and V 0/I 0 . 
Hence, the required tolerance for each elements of X is 

⎛ √ √ √ ⎞ 
− �a/pl/ 4 �a/p / 4√ l/ 4 �√ a/p v √ ⎜⎜ �s �a/pl/ 4 �c/p / ⎟

| ≤ l  2 �c/pv/ 2
ΔX|   ⎟⎝ √ √ √

� ⎠ 
s �c/pl/ 2 �a/p√ l/ 4 �c/pv/ 2√ √ 
�⎛ s �c/pl/ 2 �c/pl/ 2 �a/pv/ 4 ⎞ 
− 0.00229 0.00229 0.00229 ⎜⎜ 0.00017 0.00229 0.00325 0.00325 ⎟

= ⎟⎝ . (11)
0.00017 0.00325 0.00229 0.00325 ⎠
0.00017 0.00325 0.00325 0.00229 
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Table 2. Data from the pre-flight polarization calibration. 

Inputs Orientation of Orientation of the 
the polarizer quarter waveplate 

Linearly  Q 0◦   ± , 90◦ or 180◦, 270◦ not installed 
polarized ±U 45◦ , 135◦ or 225◦ , 315◦ not installed 

  ±V 0◦  or     Circularly 180◦ 45◦, 135◦ or 225◦, 315◦

polarized 

Un-polarized1 “un-polarized” not installed not installed 

1“Un-polarized” light was obtained by removing the polarizer and the quarter waveplate 
in the light source chamber. 

4. CLASP2 Polarization Calibration Strategy 

The polarization calibration of CLASP2 was performed based on our experi-
ence with CLASP1 in the vacuum UV (VUV) spectral range (Giono et al., 
2016, 2017) and following two steps. First, we determined the scale factor and 
the crosstalk terms from pre-flight data taken with a custom-made polarized 
light source at 280 nm in a laboratory (Section 5). To this end, the spurious 
polarization terms (x21, x31, and x41 in X) are assumed to be zero. This is a 
reasonable assumption because we have confirmed with “un-polarized” light that 
the spurious polarization terms are too small to affect other terms such as the 
scale factor and crosstalk (Section 5.4). The measurement with “un-polarized” 
light is newly added in CLASP2 based on what we learned from the CLASP1 
polarization calibration (Giono et al., 2016). Second, the spurious polarization 
terms were accurately determined by analyzing the in-flight data taken at the 
solar disk center for 15 seconds (Section 6). Note that, it is expected that the 
spatially averaged scattering polarization along the slit on the solar disk center 
is close to zero because of the symmetric illumination field (Giono et al., 2017). 

5. Polarization Calibration Using Pre-flight Data 

5.1. Test Configuration 

The pre-flight polarization calibration was performed only for the spectropo-
larimeter. As the instrumental polarization caused by the telescope is negligibly 
small (see Appendix A.1), the response matrix measured for the spectropolarime-
ter, i.e., starting at the PMU location, can represent that of the entire CLASP2 
instrument. 
A custom-made UV light source was developed to supply the required polar-

ization states around the 280 nm wavelength to the spectropolarimeter without 
the telescope. Figure 3 shows two different layouts of our light source vacuum 
chamber for linear and circular polarization inputs. The light source for the linear 
polarization input consists of a UV LED lamp, a MgF2 lens for the focusing, and 
a linear polarizer. The UV LED lamp emits ultraviolet light ranging from 275 nm 
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Figure 3. Schematic image of the custom-made light source system for (a) linear and (b) 
circular polarizations, using a UV LED lamp. The light source chamber is directly attached 
to the CLASP2 spectropolarimeter without the telescope during calibration. (c) and (d) show 
the inside of the light source chamber for the linear and the circular polarization inputs, 
respectively. The red arrows indicate the polarization coordinate system of CLASP2 as seen 
from the instrument entrance port. 

to 285 nm with a full width at a half maximum of 12 nm. It is installed on a three-
axis linear stage to adjust the lamp for positioning and focusing the UV light on 
the CLASP2 slit mirror. The focusing lens with an aperture mask ensures that 
output light from the light source system has the same F number (F/9.68) and 
beam pattern as the telescope. The linear polarizer is installed on a motorized 
rotational stage (0.0025◦/step). The light source is additionally equipped with 
a quarter waveplate on another motorized rotational stage behind the linear 
polarizer of the aforementioned design to obtain circularly polarized light. 
The red arrows marked in Figure 3 represent the polarization coordinate 

system of CLASP2 as defined in Section 3.1. Two data sets were obtained for the 
linear polarization inputs. One (hereafter, Dataset I) includes four orientations 
of the principal axis of the light source linear polarizer namely 0◦ , 45◦ , 90◦ , 
and 135◦ , defined as +Q0◦ , +U45◦ , −Q90◦ , and −U135◦ . The other (hereafter, 
Dataset II) includes +Q180◦ , +U225◦ , −Q270◦ , and −U315◦ corresponding to the 
second half rotation of the polarizer. The polarization error caused by non-
uniformity of the linear polarizer installed inside the light source chamber can 
be suppressed by combining these two datasets. For the circular polarization 
input, four datasets (hereafter, Dataset III) are used with the orientations of 
a principal axis of the quarter waveplate, which converts linear polarization 
to circular polarization at 45◦ and 135◦ or 225◦ and 315◦ . The orientation of 
the linear polarizer located upstream of the quarter waveplate was fixed at 0◦ 
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Figure 4. Images captured by the SJ camera (left) and the spectropolarimeter cameras 
staking all exposures (right top: channel 1 and right bottom: channel 2) during the pre-flight 
polarization calibration. The spectropolarimeter images accumulated all exposures, reducing 
striated patterns and noise. They were taken using a custom-made polarization light source 
system based on a UV LED lamp. The wavelength axis of the spectra in the spectropolarimeter 
images is defined using the data recorded during the alignment of the spectropolarimeter, in 
which the sharp Mg ii h and k lines emitted by the Mg hollow cathode lamp are examined 
(Song et al., 2018). The orange and red solid lines in the spectropolarimeter images represent 
the positions of the Mg ii h and k lines, respectively. The white arrow indicates one of the 
stripe patterns likely due to electrical noise. The white boxes represent the regions where we 
averaged to comupte the response matrix. 

or 180◦ . These datasets can suppress polarization errors due to not only the 
non-uniformity of the linear polarizer but also that of the quarter waveplate, 
i.e., rotation angle error, thickness difference, flatness of the surface, and the 
contamination on the surface (Giono et al., 2016). Table 2 lists the summary of 
the data taken on the ground. 

5.2. Pre-flight Data and Data Analysis 

The desired polarized light emitted from the light source system is focused 
directly on the CLASP2 slit mirror. At the best focus position, the beam size of 
the UV LED lamp is about 5 mm, which is sufficiently large to cover the entire 
length of the spectropolarimeter slit (2.5 mm). The illuminated region on the 
slit was adjusted to avoid a dimmed region detected near the center of the beam 
spot (see left panel in Figure 4). 
The two rightmost panels of Figure 4 show images captured by the two 

spectropolarimeter cameras during the pre-flight polarization calibration. The 
spectra of the UV LED lamp completely covers the required spectral window of 
279.985 ± 0.45 nm. The orange and red lines in Figure 4 indicate the wavelength 
positions of the Mg ii h and k lines, respectively. 
Several stripe patterns can be seen in the spectropolarimeter images along 

the spatial direction, which may be caused by electrical noise. The width of each 
stripe pattern is about 0.05 nm (10 pixels), and the maximum fluctuation of the 
stripe noise is sometimes comparable to the minimum value of the modulated 
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Figure 5. Modulated intensities as a function of the rotation angles of the PMU. They are 
obtained from (a) +Q, (b) +U, and (c) +V polarized inputs emitted from the light source 
system. The red and blue solid lines represent the intensity integrated every 22.5◦ PMU rotation 
(dashed lines) on channel 1 and 2, respectively. 

signal. We reduced the influence of the stripe noise by averaging the signals 
detected outside the slit and subtracting them at the row-wise level in each 
spectropolarimeter image. Nevertheless, in the final processed spectral images, 
we find that the residual fixed stripe patterns weakly remain (e.g., white arrow 
in Figure 4). 
The photon noise is reduced to 10−4 by stacking data recorded during 290 

PMU rotations and accumulating 100 (spatial) × 80 (spectral) pixels. In particu-
lar, the summation of 80 pixels in the spectral direction can significantly suppress 
the influence of residual fixed patterns that can remain even after removing the 
stripe noise patterns. We derived the demodulated polarization signals around 
the 279.985 nm wavelength, which is the center of the required CLASP2 spectral 
window. 
Figure 5 shows the registered modulated intensities (see Equations 3 and 4) as 

a function of the PMU rotation angles for +Q (top pannel), +U (middle pannel), 
and +V (bottom pannel) inputs. The red and blue horizontal lines represent 
channel 1 and 2 signals, respectively. These are integrated every 22.5◦ PMU ro-
tation. The maximum and minimum signal of each modulation is approximately 
20 and 3 electrons/pixel/exposure, respectively. Notably, a non-negligible phase 
shift of the modulation at the linearly polarized input (Cases a and b in Figure 5) 
exists, especially on channel 1. Note that, the two consecutive integrated signals 
around each modulation peak should be the same for an ideal polarization mod-
ulation, but it is not the case for channel 1 due to the polarization characteristics 
of the instrument. 
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Table 3. Demodulated polarization signals (q 0, u0 , and v0) derived from both channels at 
the wavelength of 279.985 nm. 

Channel 1 Channel 2 
# Inputs 0 0 0 0 q u v q u0 v 0

I1 +Q 2
0◦ +0.99286 +0.03372 +0.00807 +0.98378 +0.00327 −0.00119 

−Q90◦ −0.97651 −0.03349 −0.00292 −0.99756 −0.00219 +0.00554 
+U45◦ −0.03483 +0.99178 +0.00485 −0.00367 +0.99784 +0.00503 
−U135◦ +0.03358 −0.98166 +0.00545 +0.00272 −0.98478 +0.00579 
+V 3 

135◦ +0.02850 +0.01334 +0.98650 +0.02979 +0.01208 +0.99371 
−V45◦ +0.01037 +0.01714 −0.98953 +0.01009 +0.01765 −0.98463 

II1 +Q180◦ +0.99492 +0.03510 +0.01345 +0.98435 +0.00322 +0.00456 
−Q270◦ −0.97794 −0.03441 −0.00540 −0.99801 −0.00387 +0.00362 
+U225◦ −0.03493 +0.99154 +0.00623 −0.00412 +0.99858 +0.00739 
−U ◦ 315 +0.03445 −0.97997 −0.00188 +0.00351 −0.98375 −0.00224 
+V  315◦ +0.02832 +0.01491 +0.98508 +0.02883 +0.01316 +0.99479 
−V225◦ +0.00951 +0.01855 −0.98741 +0.00924 +0.01863 −0.98437 

1#I and #II indicate the Datasets I and II, respectively. 
2Subscript θ in ±Qθ and ±Uθ is the angle of the linear polarizer installed inside the light 
source chamber. 
3Subscript θ in ±Vθ is the angle of the quarter waveplate installed inside the light source 

 chamber, when the linear polarizer angle inside the light source chamber is fixed at 0◦. 

5.3. Demodulated Polarization Signals 

Table 3 lists the demodulated polarization signals of q 0, u0 , and v0 determined at 
the wavelength of 279.985 nm for each channel. For convenience, q 0, u0  , and v 0

obtained from ±Q, ±U, and ±V inputs, respectively, are designated as “major 
terms”, whereas others (e.g., u0 and v 0 determined from ±Q inputs) are des-
ignated as “minor terms”. Notably, the major terms determined from the two 
datasets are all close to 1, and the minor terms are almost 0. Here, we notice a 
difference of approximately 10−4 to 10−3 in the values of major terms between 
Datasets I and II (e.g., +Q0 and +Q180 inputs). Such a difference suggests that 
the polarization state of the light source system depends on the orientation of the 
linear polarizer installed inside the light source chamber. The final demodulated 
polarization signals of CLASP2 are determined by averaging the demodulated 
polarization signals obtained from these two datasets. This is expected to resolve 
the polarization errors caused by the non-uniformity of the linear polarizer in 
the light source system (Giono et al., 2016). 
Most of the minor terms determined from the linearly polarized inputs (±Q 

and ±U inputs) are at the  ≈ 10−3 level, excluding two terms of channel 1. Note 
that, the demodulated q 0 signal determined from ±U inputs and u0 signal from 
±Q inputs of channel 1 are ≈ 0.03. These non-negligible minor terms in channel 
1 are consistent with the deviation from the ideal modulation of channel 1, as 
discussed at the end of Section 5.2. We find from the table that minor terms of 
both channels measured from the ±V inputs are larger than 0.009 (maximum 
value ≈ 0.029) and are all positive. This behavior, common to both channels, 
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0 0Table 4. Demodulated polarization signals of q , u , and v0 deter-
mined using the “un-polarized” input. Dataset I, Dataset II, and 
Dataset III represent the three datasets obtained at different times 
on the same day. All signals are expressed like the power 
−4 of 10. 

Channel 
Stokes 

signal 

Dataset (×10−4) 

I II III 
Mean (×10−4) 

1 

0q
0u
0v

+3.0 
−1.8 
−10.0 

+3.6 
+0.2 
−8.7 

+1.2 
−1.1 
−12.0 

+2.6 
−0.9 
−10.0 

2 

0q
0u
0v

+1.0 
−7.0 
−12.0 

+1.5 
−4.9 
−9.8 

0 
−7.2 
−13.0 

+0.8 
−6.4 
−11.0 

can be explained by the imperfectness of the light source (see Appendix B.1). 
Such an imperfectness of the light source is also manifested in contamination of 
the linearly polarized input beam (Appendix B.2). In fact, the relatively large 
v0 signal of ≈ 10−2 level is detected from +Q input in the channel 1. 

5.4. Demodulated Polarization Signals with “Un-polarized” Light 

After the pre-flight polarization calibration, we obtained several datasets using 
“un-polarized” light to determine the spurious polarization terms of both chan-
nels. The “un-polarized” light mentioned here indicates the light from the UV 
LED lamp without any polarization units inside the light source vacuum cham-
ber, such as the linear polarizer and the quarter waveplate. However, the “un-
polarized” light used here on the ground does not mean perfectly un-polarized 
light in nature (e.g., the UV LED lamp itself could produce an unexpected 
polarization signal). Nevertheless, an upper limit can be set on the spurious 
polarization (see Table 4) 
Table 4 lists the demodulated signals measured from the data taken by “un-

polarized” light; q0 and u0 signals are < 10−4 and v0 signal is < 10−3 . Assuming 
that our “un-polarized” light is perfectly un-polarized, these signals are inter-
preted as the spurious polarization terms corresponding to x21, x31, and x41, as 
defined in Section 3.4. 
We investigated the variations in the scale factor and crosstalk of the response 

matrix by substituting signals of the spurious polarization shown in Table 4 into 
Equations 15 – 25. The changes of the diagonal elements and the crosstalk terms 
are of the order of 10−6 at maximum, which is negligibly small. This implies that 
the spurious polarization is sufficiently small and does not significantly affect 
the other terms in the response matrix. Therefore, the spurious polarization 
terms are assumed zero for analyzing the pre-flight data. Note that the spurious 
polarization terms for the final response matrix will be accurately determined 
using the in-flight data (see Section 6). 
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5.5. Determination of Response Matrix Elements 

The demodulated polarization signals of each Stokes vector are given by 

0 x21 + qx22 + ux
  23 + vx24 
q = (12)

1 + qx12 + ux13 + vx14 

0 x31 + qx32 + ux33 + vx34 
u = (13)

1 + qx12 + ux13 + vx14 

0 x41 + qx42 + ux43 + vx44 
v = . (14)

1 + qx12 + ux13 + vx14 

The elements of the response matrix for CLASP2 are estimated by assuming 
that the input beams emitted from the light source system is fully polarized. 
Then, the polarization states of each input defined as ±Q, ±U , and ±V can 
be expressed in the Stokes vector forms of (1,q,u,v)>=(1,±1,0,0)> , (1,0,±1,0)> , 
and (1,0,0,  ±1)>. Then, Equations 12 – 14 can be simplified to 

x21 ± x
 0  22 0 x

   31 ± x32 x41 ± x42
[q ]±Q = , [u ]±Q = , [v 0]±Q = (15)

1 ± x12 1 ± x12 1 ± x12 

0 x31 ± x33 x ± x x ± x
[u ]±U = , 41 43 21 23

[v 0]±U = , [q 0]
1 ± x 1 ± x ±U = (16)

13 13 1 ± x13 

0 x41 ± x44 0 x21 ± x
 24 x31 ± x34
[v ] 0

±V = , [q ]±V = , [u ]
1 ± x 1 ± x ±V = . (17)

14 14 1 ± x14 

The spurious polarization terms (x21, x31, and x41) are assumed as zero 
(see Section 4 and Section 5.4) to derive each element of the CLASP2 response 
matrix. Under such assumptions, the scale factors (x22, x33, x44, x12, x13, and 
x14) are derived using the equations for “major terms” ([q0]±Q , [u

0]±U , and 
[v0]±V in Equations 15 – 17). They are expressed as 

2 [q0] 0 0 0 0 0
 +Q [q ]−Q 2 [u ]+U [u ]−U 2 [v ]+V [v ]x = , x −V

22  33 = , x44 = (18)
[q0] −−Q [q0] [u0 ] − 0 0 − 0

+Q −U  [u ]+U [v ]−V  [v ]+V 

[q0]−Q + [q
0]+Q [u0] 0

U + [u ] [v0]−V + [v
0

− +U  ]+V x12 = , x13 = , x14 = . 
[q0] − [q0] [u0 −−Q ]−U  [u0] [v0+ ] − 0

Q +U −V  [v ]+V 

(19) 
Next, all crosstalk terms are determined by substituting the obtained values 

of x12, x13, and x14 into the equations for “minor terms”. First, the elements 
of the Q ↔ U crosstalk (x23 and x32) are estimated by h i 1 

x23 = (1 + x13)[q 0]+U − (1 − x13)[q 0]−U (20)
2 
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and h i1 
x (1 + x12)[u

0
32 =  ]+Q − (1 − x12)[u

0 ] Q , (21)
2 −

which are derived from the equations of [q0]±U and [u0]±Q in Equations 15 and 16. 
Second, we consider the elements of V → Q or U crosstalk (x24 and x34). They 
are expressed as h i1 

x  (1 + x14)[q 024 = ]+V − (1 − x14)[q 0]−V (22)
2 

and h i1 
x = (1 + x )[u0 ] − (1 − x )[u034 14 +V 14  ]−V , (23)

2 

which are derived from the equations of [q0]±V and [u0]±V in Equations 17. 
Finally, the elements of Q or U → V crosstalk are determined by h i1 

x  (1 + x12)[v 042 = ]+Q − (1 − x )[  012 v ]−Q (24)
2 

and h i1 
x43 = (1 + x13)[v 0] 0

 − (1 − x13)[v ]
 +U −U , (25)
2

which are derived from the equations of [v0]±Q and [v0]±U in Equations 15 and 16. 
On the other hand, if the input beams are not completely polarized, q and u 

contamination in ±V inputs (Appendix B.1) as well as v contamination in ±Q 
and ±U inputs (Appendix B.2) can be considered. However, even in this case, 
we confirmed that it does not affect the determination of each element of the 
response matrix (see Appendix B). 

5.6. Representative Response Matrix 

The measured response matrices (X) of CLASP2 are ⎛ ⎞ 
1 −0.00846 −0.00550 −0.00025 ⎜⎜ 0 +0.98549 −0.03445 +0.00682 ⎟

X  ⎟
1 = ⎝ 0 +0.03418 +0.98621 −0.00111 ⎠ (26)

0 +0.00743 +0.00186 +0.98647 

and ⎛ ⎞ 
1 +0.00692 −0.00704 −0.00636 ⎜⎜ 0 +0.99088 −0.00350 +0.00693 ⎟

X  ⎟
2 = ⎝ (27)

0 +0.00314 +0.99119 −0.00168 ⎠ 
0 −0.00143 +0.00219 +0.98655 

on channel 1 (X1) and channel 2 (X2), respectively. They are determined at the 
wavelength of 279.985 nm. Hereafter, they are called the representative response 
matrices of CLASP2 for convenience. The measured response matrix on each 

SOLA: ms_r2.tex; 8 July 2024; 15:49; p. 18 



Polarization Accuracy Verification of CLASP2 

channel is close to an ideal response matrix as the diagonal elements are close 
to 1 and other elements are close to 0 (≈ 10−3). 
One of the notable findings from the representative response matrices is that 

we can see relatively large Q↔U crosstalk on channel 1 as both the |x23| and |x32|
are ≈ 0.034, which are approximately 10 times larger than other off-diagonal 
elements. The presence of such a non-negligible crosstalk, only seen in channel 
1, indicates that a source possibly exists inside the instrument of channel 1. The 
similar value of |x23| and |x32| of ≈ 0.034 with the opposite signs is consistent 
with the misalignment of a principal axis of the polarization analyzer installed 
on channel 1 of Δ ≈ 0.49◦ . The angle of the principal axis with respect to the 
exterior that is our reference for the installation is not measured or guaranteed. 
Thus, such a relatively large internal misalignment can occur. 
The other finding is that the diagonal elements x22, x33, and x44 determined 

for both channels are approximately 1.2 % smaller than unity. Several possi-
bilities can cause deviations in both the light source system and CLASP2 as 
discussed below. The first possible source is the imperfection in the polarization 
degree of the input beam emitted from the light source system. As discussed in 
Appendix B.3, one of the measurements of the extinction ratio from the light 
source polarizer is consistent with this. However, it is not conclusive. The second 
source can be that the phase retardation is different from 234◦ that has been 
used for the demodulation. The phase retardation of 234◦ is determined based 
on our measurement of the birefringence of the MgF2, and the measured error 
is ≈ ±1◦ around the 280 nm wavelength (Section 2.1). This error of ±1◦ can 
lead to ±1% difference in the scale factor of the response matrix. However, the 
influence is opposite between linear and circular polarizations (i.e., v0 becomes 
larger than 1 if q0 and u0 become less than 1). Finally, the influence of stray 
light, i.e., the contamination of un-polarized light needs examination. Outside 
of the slit in the spectral image, 1% stray light level is detected compared to 
the signal. However, it shows modulation (i.e., the level changes depending on 
the PMU rotation angles), which indicates that the stray light is also partially 
polarized. It indicates that the stray light can affect the error of the scale factor, 
but its contribution would be smaller than 1%. 

5.7. Uncertainty of the Response Matrix 

The uncertainty of the CLASP2 response matrix elements is measured by analyz-
ing the repeatability of the data taken during eight consecutive days (four days 
for linear polarization measurements and four days for circular polarization mea-
surements) from the ground-based experiments. We repeatedly obtained Dataset 
I, Dataset II, and Dataset III mentioned in Section 5.1 in a laboratory maintained 
at the similar temperature and humidity every day. Then, the uncertainty of the 
response matrix was derived using the stacking data taken during 290 PMU 
rotations. The measured uncertainties of channel 1 (ΔX1) and 2 (ΔX2) are ⎛ ⎞ 

0 0.00153 0.00059 0.00229 ⎜⎜ # 0.00156 0.00186 0.00265 ⎟
ΔX1 = ± ⎟⎝ (28) 

# 0.00226 0.00032 0.00156 ⎠
# 0.00329 0.00064 0.00186 
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and ⎛ ⎞ 
0 0.00083 0.00118 0.00074 ⎜ # 0.00106 0.00229 0.00309 ⎟

ΔX ± ⎜2 = ⎟⎝ , (29) 
# 0.00398 0.00080 0.00133 ⎠
# 0.00090 0.00079 0.00384 

where the uncertainty of each element is determined by the peak-to-reference 
value. Here, the uncertainty of spurious polarization terms is denoted by ‘#’, 
since the spurious polarization is set to zero for analyzing the pre-flight data. We 
find from ΔXs that most values of the evaluated uncertainty meet our required 
tolerance defined in Equation 11, while some do not (bold text in Equations 28 
and 29). However, even if we include the element that is not satisfied with the 
tolerance, the uncertainty of the Stokes parameters derived by combining each 
element is smaller than the total tolerance of 0.45% (�a/P =�c/P with P = Pl = 
Pv ) for “scale factor” and “crosstalk”. For example, the scale factor of V 0/I 0 

is contributed by x12, x13, x14, and x44;  consequently, the total scale error of√
the Stokes V 0/I 0 on channel 2 is 0.003842 + 0.000832 + 0.001182 + 0.000742 = 
0.00417 = 0.42%. Similarly, the crosstalk of U 0/I 0 is contributed by x32 and 
x ; therefore, the total crosstalk error of the Stokes U 0/I 0 on channel 2 is√34 
0.003982 + 0.001332 = 0.00419 = 0.42%. 

5.8. Dependence of the Response Matrix Elements on Wavelength 

Figure 6 shows the variations in the response matrix elements with wavelength 
within the range of the CLASP2 spectral window. Each element is measured at 
eight positions with a 0.15 nm wavelength interval along the spectral direction. 
To reduce the photon and electrical noise, we accumulated all the data taken 
during 290 PMU rotations and also summed 100 (spatial) × 80 (spectral) pixels 
around each of the selected wavelength positions. We find from the figure that all 
the elements change linearly with the wavelength. Thus, the variations in each 
response matrix element can be simplified to a linear equation (x = Aλ + B) 
that has a wavelength (λ) dependence; consequently, the wavelength-dependent 
response matrices on both channels are ⎛ ⎞ 

1 +0.009λ − 0.009 +0.002λ − 0.005 −0.0003 ⎜⎜ # +0.009λ + 0.985 +0.008λ − 0.034 +0.002λ + 0.007 ⎟
X  ⎟

1 = ⎝ (30)
# −0.008λ + 0.034 +0.009λ + 0.985 −0.0012 ⎠ 
# +0.001λ + 0.007 +0.0018 −0.012λ + 0.987 

and ⎛ ⎞ 
1 −0.008λ + 0.007 −0.003λ − 0.007 +0.001λ − 0.006 ⎜ # +0.009λ + 0.991 +0.008λ − 0.003 +0.002λ + 0.007 ⎟

X  = ⎜ ⎟
2 ⎝ . (31)

# −0.008λ + 0.003 +0.009λ + 0.991 −0.0017 ⎠ 
# −0.0015 +0.0021 −0.012λ + 0.987 

Here, some elements, which are within our required tolerance across the entire 
wavelength of the CLASP2 spectral window, are set to a constant value of the 
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Figure 6. Variations in the response matrix elements with wavelength across the CLASP2 
spectral window (centered at 280 nm). The asterisk and diamond represent the data points 
taken from channels 1 and 2, respectively. The solid black and red lines indicate the results 
of a linear fitting on each channel using the eight data points. Note that, the linear equations 
derived from the fitting results of each channel are showcased in Equations 30 and 31. The 
gray color represents a range of the required tolerance for each response matrix element. The 
wavelengths of the Mg ii h and k lines are represented by the vertical orange and red dashed 
lines. 

offset in each linear equation. Note that the maximum difference between both 
ends of the wavelength is ≈ 0.013 (e.g., x44 in Figure 6), which is not negligible. 
This suggests that the dependence of the response matrix on the wavelength 
should be considered in the final polarization correction. 

6. Polarization Calibration Using In-flight Data 

6.1. In-flight Data and Data Analysis 

Following the strategy of the CLASP2 observations, we performed Sun-center 
observations (µ ≈ 1) for the first 15 seconds to confirm the polarization char-
acteristics of CLASP2. The spatially averaged linear polarization caused by 
scattering at the quiet region is expected to be zero because of the symmetrical 
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Figure 7. Top: UV images of the solar disk-center captured by the CLASP2/SJ (left) and the 
SDO/AIA (middle), and the photospheric magnetogram in the same field-of-view, obtained by 
SDO/HMI (right). The black lines seen in the limages represent the position of the CLASP2’s 
spectropolarimeter slit. Bottom: the Mg ii h and k spectra taken by the CLASP2 spectropo-
larimeter (left: channel 1 and right: channel 2). The thick black vertical line in the spectra is 
due to a dust particle located in the slit plate. 

illumination field at solar disk center (ˇ ep´ et al., 2015). In addition, theStˇ an 
spatially averaged circular polarization due to the longitudinal Zeeman effect is 
zero because the quiet Sun’s magnetic fields consists of mixed polarities whose 
signals cancel out. 
Figure 7 shows the Lyα image taken by the CLASP2/SJ and co-aligned 

images obtained from the Solar Dynamics Observatory (SDO; Pesnell, Thomp-
son, and Chamberlin, 2012). The photospheric magnetogram obtained with the 
SDO/Helioseismic Magnetic Imager (HMI; Schou et al., 2012) is aligned with 
the SDO/Atmospheric Image Assembly (AIA; Lemen et al., 2012) 30.4 nm im-
age using the programs (aia prep.pro and hmi prep.pro) in the SolarSoftWare 
(SSW; Freeland and Handy, 1998) software package. Subsequently, both SDO 
images are co-aligned to the CLASP2/SJ image by cross-correlation between the 
SDO/AIA 30.4 nm and CLASP2/SJ images (Kubo et al., 2016). 
The solid lines marked in the upper panel of Figure 7 represent the position 

of the CLASP2 spectropolarimeter slit on the CLASP2/SJ field-of-view (FOV). 
Note that CLASP2 successfully targeted the quiet region over the entire length of 
the slit (≈ 19800). Moreover, enhanced local brightening and loop-like structures 
implying a strong magnetic field region are not seen along the slit. In addition, 
the averaged strength of the longitudinal photospheric magnetic fields along the 
slit is verified to be small, of about 0.05 G. 
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The center of the CLASP2 slit is observed to be located about 3000 away 
from Sun center toward the northwest direction, causing a small asymmetry 
(0.991 < µ < 0.997 over the slit). The scattering polarization is proportional to 
(1 − µ2) resulting in its center-to-limb variation (CLV, Trujillo Bueno, ˇ ep´Stˇ an, 
and Casini, 2011). The theoretical calculation predicts a scattering polarization 
of 1.5% at the center of the Mg ii k line for µ = 0.1 (Belluzzi and Trujillo 
Bueno, 2012). Thus, the scattering polarization measured by CLASP2 during 
the Sun-center observations is estimated to be 0.03% at maximum (µ ≈ 0.991), 
indicating that the influence of CLV is negligibly small. Moreover, at the center 
of the Mg ii h line, the signal is intrinsically zero (Belluzzi and Trujillo Bueno, 
2012) as observationally confirmed in Rachmeler et al (2022; submitted). 
The bottom panel in Figure 7 shows the Mg ii spectra taken by CLASP2 at 

disk center. The FOV of the spectropolarimeter images fully covers our required 
spectral window (279.985±0.45 nm) for CLASP2, and the two brightest emission 
lines are the Mg ii h (280.34 nm) and k (279.64 nm) lines. In these spectral 
images, a vertical dim region can be noticed simultaneously on both channels, 
which is caused by dust on the slit and is excluded from the following analysis. 

6.2. Demodulated Polarization Signals and Spurious Polarization 

The spurious polarization terms are determined by analyzing the in-flight data 
obtained from the disk center of the Sun. Figure 8 shows the demodulated Stokes 
I 0 , Q0/I 0 , U 0/I 0 , and V 0/I 0 spectra around the Mg ii h and k lines constructed 
by accumulating three datasets corresponding to three PMU rotations (9.6 s). 
Note that, we obtained four datasets corresponding to four rotations of PMU 
(Section 6.1), but found that the last dataset was not suitable for the polarization 
calibration due to abrupt intensity change. For this reason, only three datasets 
taken for 9.6 s were used to confirm the polarization characteristics of CLASP2. 
We find from the figure that the polarization signal is close to zero in most of 
the pixels and that the salt and pepper noise (≈ 0.7%) is dominant, except for 
some regions in Q0/I 0 and U 0/I 0 spectra. The possible source of these non-zero 
polarization signals is the scattering polarization induced by the local symmetry 
breaking (see black arrows in Figure 8). 
We spatially accumulated all Stokes profiles along the slit direction (350 pix-

els, excluding the region affected by the dust particle), and derived the fractional 
polarization profile as shown in Figure 9. The averaging cancels out any possible 
polarization signals that may occur in the local solar structures, and also reduces 
the photon noise (≈ 10−4). Note that, the spatial and temporal summation is 
done before dividing Q0 , U 0 , and V 0 by I 0 . We find that most of the polarization 
signals around the Mg ii line center (data points sandwitched by black solid lines 
in Figure 9) are distributed within or near the range of the required tolerance 
for the spurious polarization terms (dashed lines in Figure 9). 
To determine the spurious polarization terms at the Mg ii h and k lines, we 

performed the spectral summation of the polarization signals between the range 
of ±0.015 nm from each center wavelength of the Mg ii h and k lines. With this 
summation, the photon noise is reduced to < 10−4 . Table 5 lists the demodulated 

0 0 0Stokes q , u , and v signals and their measurement errors, which are estimated 
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Figure 8. Stokes I0 , Q0/I0 , U 0/I0 , and V 0/I0 spectra obtained near solar disk center during 
three PMU rotations (9.6 seconds) from channel 1 (left) and 2 (right). 

Table 5. Spurious polarization at the Mg ii h and k lines forp
both the channels. The errors are determined as 1σ/ Npixels. All 
signals are expressed like the power −4 of 10. 

0 0Band q (×10−4) u (×10−4) v0 (×10−4) 

Channel 1 Mg ii k −1.2 ± 0.9 −0.3 ± 1.3 −0.2 ± 0.6 
Mg ii h −1.7 ± 0.8 −1.3 ± 0.9 +1.4 ± 0.7 

Channel 2 Mg ii k −1.1 ± 0.8 −0.2 ± 1.3 +0.3 ± 0.4 
Mg ii h −0.2 ± 0.5 −0.4 ± 0.9 −0.6 ± 0.6 

Channel Mg ii k −1.1 ± 0.8 −0.3 ± 0.9 +0.1 ± 0.4 
1+2 Mg ii h −1.0 ± 0.5 −0.9 ± 0.4 +0.4 ± 0.4 
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Figure 9. Spatially (350 pixels along the slit) and temporally (9.6 s; 3 PMU rotations) 
averaged Stokes profiles of I0, Q0/I0, U 0/I0 and V 0/I0 obtained near the solar disk center from 
channel 1 (top panel) and 2 (bottom panel). The orange and red colors in the profiles represents 
the Mg ii h and Mg ii k lines, respectively. 

at the Mg ii h and k lines. This corresponds to the spurious polarizations of 
x21, x31, and x41. All measured polarization signals and errors at both lines are 
within ±0.00017 (±1.7×10−4), which satisfies our required tolerance for spurious 
polarization well. Here, we noted that all measured polarization signals (Table 5) 
were significantly smaller than the 10−3 level (i.e., v0), which was measured with 
the “un-polarized” light as tabulated in Table 4. It clearly implies that the light 
source used in the laboratory was not perfectly un-polarized. There is a small 
difference in the spurious polarizations between the Mg ii h and Mg ii k lines. 
However, this difference is smaller than their errors. Therefore, we conclude that 
spurious polarization does not depend on the wavelength. 

6.3. Response Matrix in the Mg ii h and k lines 

The final response matrices of the CLASP2 at each of the Mg ii h and k lines 
are estimated by the wavelength-dependent response matrices described in Sec-
tion 5.8. That is, they were determined by substituting the central wavelengths 
of the Mg ii h and k lines into the Equations 30 and 31. Two channels of the 
response matrix in the Mg ii k line are 

⎛ ⎜⎜⎝ 
⎞ ⎟⎟⎠ 

+1.00000 −0.01171 −0.00631 −0.00081 
−0.00012 +0.98173 −0.03699 +0.00634 
−0.00003 +0.03688 +0.98196 −0.00110 
−0.00002 +0.00773 +0.00166 +0.99085 

X1,k (32)= 

⎛ ⎜⎜⎝ 
⎞ ⎟⎟⎠ , 

+1.00000 +0.00957 −0.00587 −0.00604 
−0.00011 +0.98731 −0.00630 +0.00618 
−0.00002 +0.00591 +0.98812 −0.00150 
−0.00003 −0.00132 +0.00212 +0.99084 

X2,k (33)= 
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and two channels of response matrix in the Mg ii h lines are ⎛ ⎞ 
+1.00000 −0.00539 −0.00462 +0.00019 ⎜⎜ −0.00017 +0.98854 −0.03139 +0.00746 ⎟

X1,h = ⎟⎝ (34)−0.00013 +0.03139 +0.98877 −0.00131 ⎠ 
+0.00014 +0.00686 +0.00199 +0.98211 

⎛ ⎞ 
+1.00000 +0.00373 −0.00807 −0.00670 ⎜⎜ −0.00002 +0.99391 −0.00041 +0.00756 ⎟

X  = ⎟
2,h ⎝ , (35)−0.00004 +0.00010 +0.99441 −0.00195 ⎠

−0.00006 −0.00178 +0.00214 +0.98211 

where X1,k or h and X2,k or h represent the response matrices derived from chan-
nels 1 and channel 2, respectively. Note that, they were derived by accumulating 
several pixels along the spatial and wavelength directions. Here, for the spurious 
polarization terms of the Mg ii h and k lines, the results of each line obtained 
from the single in-flight data were used as it is (Section 6.2). 

7. Summary 

We have verified the polarization characteristics of the CLASP2 instrument by 
determining its response matrix. The response matrix was determined by com-
bining the polarization calibration results from pre-flight data on the ground with 
those from in-flight data taken from the solar disk-center observations. To this 
end, first, we derive the demodulated Stokes signals assuming an ideal system 
without wavelength dependence. Then, the response matrix was computed to 
compensate the difference from the assumption by accumulating several pixels 
along the spatial and wavelength directions to suppress the photon noise and 
other errors. 
Our results demonstrate that the response matrices measured in the two 

channels of CLASP2 are close to an ideal response matrix, i.e., the scale factor 
and crosstalk terms of the matrix are close to 1 and 0, respectively. We confirmed 
the uncertainty of the response matrix element estimated by the repeatability 
of the results measured for eight consecutive days in the similar environment. 
We find that the uncertainty of a few elements for the scale factor and crosstalk 
verifiably has a larger value than the tolerance. However, even if such elements 
that are outside of the tolerance are included, the final accuracy of each Stokes 
parameter determined by combining all the uncertainties of the response matrix 
elements does meet the required tolerance. In addition, the spurious polarization 
terms were measured using a single in-flight data, and were confirmed that they 
are smaller than our required tolerance., This indicates that CLASP2 achieves 
the 0.1% polarization accuracy at 3σ level in spatially averaged data. 
Finally, a non-negligible wavelength-dependent component of each response 

matrix element is detected over the entire CLASP2 spectral window. At the end-
to-end calibration of the flight data, the demodulated polarization signals are 
corrected using the wavelength-dependent response matrices determined from 
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Table 6. Error budgets of CLASP2 

Error (1σ)
Error Breakdown 

Plage Quiet Sun 

 Instrumental polarization by the CLASP2 telescope < 10−3 % 
Readout noise of the CCD camera 0.0009 % 0.0016 & 
Photon noise of each target 0.0210 % 0.0180 % 
Measurement errors in polarization calibration 

- Spurious polarization (Ishikawa et al., 2014) < 0.0170 % 
- Scale factor < 0.0137 % 
- Crosstalk < 0.0137 % 

RSS (root-sum-square) < 0.0330 % < 0.0315 % 

each channel, and then the final Stokes Q/I, U/I, and V/I signals are determined 
by combining the polarization signals from the two channels. 

Appendix 

A. Error Budgets for the CLASP2 Instrument 

CLASP2 aims to achieve a polarization accuracy of 0.1% at 3σ level. The error 
budgets of CLASP2 are investigated to verify the performance of the instrument. 

A.1. Instrumental Polarization by the CLASP2 Telescope 

CLASP2 reused the classical Cassegrain telescope from the CLASP1 experiment, 
which has a symmetrical structure. Ishikawa et al. (2014) reported from the 
polarization ray tracing that the instrumental polarization caused by off-axis 
incidence at ±20000 in CLASP1 was negligibly small. Based on this result, we 
assume that the influence of the off-axis incidence for CLASP2 is negligible, 
because the CLASP2 FOV is half that of CLASP1. 
Meanwhile, for CLASP2, we re-coated the primary mirror with a dual-band 

pass “cold-mirror” coating (Yoshida et al., 2018). This allowed us to success-
fully achieve high reflectivity not only in the spectral window of Mg ii h and 
k lines (280 nm), but also in the Lyα line (121.6 nm) for the SJ. However, 
the non-uniformity of this new coating can cause instrumental polarization. 
To evaluate the coating performance, we measured the reflectivity with p- and 
s−polarized beams around 280 nm of ten witness samples (1-inch flat mirrors), 
which are evenly deployed over the effective area of the primary mirror and 
coated simultaneously with the primary mirror (Song et al., 2017a). 
The reflectivity of the witness samples is verified to be uniform over the ten 

witness samples within ±2%. In addition, the reflectivity between the p- and s-
polarized Mg ii beams are confirmed to be the same within 0.1 %. Ishikawa et al. 
(2014) evaluated that the coating non-uniformity within ±2% can suppress the 
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instrumental polarization down to 10−3%, which is negligibly small compared 
to other terms in Table 6. 

A.2. Spurious Polarization by Photon Noise of CLASP2 Targets 

The photon noise can limit the polarization sensitivity of CLASP2. Therefore, it 
is important to estimate the photon noise for each scientific targets of CLASP2: 
plage and quiet Sun near the limb. To this end, we measured the typical Mg ii 

−1 −1 ˚intensity in a plage (1.0 × 1017 [photon cm−2 sec sr A−1]) and a quiet Sun 
−1 −1 ˚(2.0 × 1016 [photon cm−2 sec sr A−1]) by using the Mg ii spectral data ob-

tained from IRIS (De Pontieu et al., 2014b). Moreover, the number of photons are 
estimated by using the parameters of CLASP2 (spatial plate scale: 0. 0055 /pixel, 
spectral plate scale: 0.005 nm/pixel, slit width: 0. 0055, and photon throughput 
for all the optical components: 1.8%) as well as the scientific requirements for 
each target of a plage, i.e., 0.01 nm spectral resolution (2 pixels), 200 −300 spatial-
resolution (4 pixels), and 2.5-minute observations (754 exposures) and a quiet 
Sun, i.e., 0.02 nm spectral resolution (4 pixels), 1000 − 1100 spatial resolutions 
(20 pixels), and 2.3-minutes observation (690 exposures)). Subsequently, the 
expected total number of photons (Ntot) are 8.5 × 107 (plage) and 1.5 × 108 

(quiet Sun). 
The spurious polarization caused by the photon noise is evaluated by 

ΔS0 = √ 
1 

, (36)PN a1 Ntot 

where, a1 = 0.505 that is a modulation coefficient when the phase retardation 
of the CLASP2 waveplate is 234◦ (see, Section 3.2). Therefore, the anticipated 
spurious polarizations by the photon noise are 0.021% at the plage and 0.018% 
at the quiet Sun near the limb. 

A.3. Spurious Polarization Caused by the Readout Noise of the 
CLASP2 Spectropolarimeter Camera 

The readout noise (σ) of the CLASP2 spectropolarimeter camera is about 5.1 
photon/exposure from one exposure. Based on the measured readout noise of 
the spectropolarimeter camera, the estimated spurious polarization caused by 
the readout noise is 

√ 
n × sλ × sdσ 

ΔS0 = (37)RN a1Ntot 

where, Ntot and a1 are identical to the parameters explained in Appendix A.2. n 
and s are the total number of exposure and the number of pixels summed along 
the slit, respectively (n = 754 exposures and sλ = 2 pixels and sd = 4 pixels 
at the plage and n = 690 exposures and sλ = 4 pixels and sd = 20 pixels at 
the quiet Sun). The measured spurious polarizations with these parameters are 
0.0005% (plage) and 0.0007% (quiet Sun). 
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Figure 10. Variations of Stokes parameters Q, U, and V of the light source depending on the 
phase retardations (top) and the angles of the principal axis (bottom) of a quarter-waveplate 
installed inside the light source chamber. The black lines are for the configuration of −V input 
(the nominal angle of the principal axis of the quarter waveplate χ is 45◦), and the red dashed 
lines are for the configuration of +V input (χ = 135◦). The black diamond and the asterisk 
represent the average signals of the residual Stokes Q and U parameters measured from ±V 
inputs. 

B. Imperfection of the Light Source System 

B.1. Measurement Accuracy of the Phase Retardation for the 
Linear Polarizer and Misalignment between the Waveplate and 
the Linear Polarizer 

The demodulated polarization signals of q0 and u0 should show opposite signs 
between +V and −V inputs (Equation 17). However, as discussed in Section 5.3, 
V → Q and U crosstalks have the same sign and are greater than 0.01 (maximum 
signal is about 0.029 at +V input of both channels) on both channels. 
Next, we investigate whether this behavior can be explained by the imper-

fection of the light source that is used for the polarization calibration. Note 
that the phase retardation of the quarter waveplate δ1/4 of the light source may 
not be exactly 90◦ and the misalignment of the principal axis for the quarter 
waveplate installed inside the light source chamber may exist. The output beam 
from the light source system can be expressed as [I, Q, U, V ]> = [1, cos 22χ + 
sin 22χ cos δ1/4, cos 2χ sin 2χ(1 − cos δ1/4), sin 2χ sin δ1/4]> in the Stokes vector 
form. Here, χ is the angle of the principal axis for the quarter waveplate with re-
spect to the X-axis of the CLASP2 coordinate system. In the ideal case, χ = 135◦ 

and χ = 45◦ for +V and −V inputs, respectively. Note that the principal axis 
of the polarizer is set to the X-axis of the CLASP2 coordinate system and the 
linear polarization imparted to the quarter waveplate is [1, 1, 0, 0]> . 
Figure 10 shows the polarization states of the light source as a function of 

δ1/4 and χ. This figure clearly shows that the residual Q and U can be caused by 
δ1/4 6= 90◦ and χ 6= 135◦ or χ 6= 45◦ , respectively. The residual Q signal can be 
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explained by δ1/4 ≈ 89◦ (a diamond symbol in Figure 10). The phase retardation 
is wavelength-dependent and such a deviation by 1◦ is possible considering the 
measurement accuracy of the phase retardation. Similarly, the misalignment 
of the principal axis for the quarter waveplate by ≈ 0.5◦ is possible, which 
is comparable to the worst-case accuracy of the angle of the principal axis of 
the waveplate. On the other hand, the change in the V signal caused by such 
imperfection of the light source is small enough to be negligible as ≈ 10−4 . 
Based on these findings, the change of the response matrices due to the imper-

fection of the light source for circularly polarized input is investigated. We find 
from Figure 10 that the degree of polarization of the V input is approximately 
0.9998 when δ1/4 6= 90◦ , χ 6= 135◦ , or χ 6= 45◦ . This uncertainty of V input 
beam mainly affects the accuracy of the scale factor of x44 and the crosstalks 
of x14, x24, and x34. Assuming that the degree of polarization of the V input 
beam is 0.9998, the representative response matrices (Equations 26 and 27) can 
be rewritten as follow: 

⎛ ⎜⎜⎝ 
⎞ ⎟⎟⎠ 

1 −0.00846 −0.00550 −0.00025 
0 +0.98549 −0.03445 +0.00682 

X1 (38)= 
0 +0.03418 +0.98621 −0.00111 
0 +0.00743 +0.00186 +0.98667 

1 +0.00692 −0.00704 −0.00636 
0 +0.99088 −0.00350 +0.00693 

⎛ ⎜⎜⎝ 
⎞ ⎟⎟⎠X2 (39)= . 

0 +0.00314 +0.99119 −0.00168 
0 −0.00143 +0.00219 +0.98675 

We find that x44 (bold text) of the renewed response matrices increases by 
≈ 0.0002, but other elements remain the same as before. If we assume that the 
maximum degree of polarization in the solar observations is 3%, the change of 
x44 results in the scale error of 0.0006%, which is negligible since the error is 
sufficiently small. 

B.2. Contamination of the v Signal in ±Q and ±U Inputs 

We raise the possibility that the linear polarization beam from the light source 
was not completely linearly polarized, and we estimated the contamination of 
the circular polarization signal (Δv) for the input beam under such an assump-

0tion. If v is not zero (v =6 0), the demodulated polarization signals of v (see, 
Equation 14) for ±Q and ±U inputs are given by 

x41 + qx42 + ux43 + vx44 ±x42 +Δv 
[v 0]±Q = ∼ (40)

1 + qx12 + ux13 + vx14 1 ± x12 

with (1,q,u,v)>=(1,±1,0,v6 and=0)> 

x41 + qx42 + ux43 + vx44 ±x43 +Δv 
[v 0]±U = ∼ (41)

1 + qx12 + ux13 + vx14 1 ± x13 
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with (1,q,u,v)>=(1,0,±1,v=0) > . Subsequently, the contaminated v signals are 
estimated by 

1 
Δv = ([v 0]+Q(1 + x12) − [v 0]−Q(1 − x12)) (42) 

2 

and 
1 

Δv = ([v 0]+U (1 + x13) − [v 0]−U (1 − x13)). (43) 
2 

The average v-contamination measured from Equations 42 and 43 is about 
0.0035 on both the channels. Therefore, it is confirmed that v-contamination may 
exist in the linear polarization beam emitted from the light source. However, the 
influence of v-contamination can be neglected when determining each element 
of the response matrix. This is because the v-contamination is compeletely can-
celled out while solving the respective simultaneous equations shown in [v0]±Q 

and [v0]±U to estimate the elements of x42 and x43 (Equations 40 and 41). 

B.3. Polarization Degree of the Light Source 

The polarization degree of our light source used in the pre-flight calibration is 
determined by the extinction ratio (re) of the linear polarizer installed inside 
the light source chamber. Before the integration of the light source, in 2018, we 
measured an extinction ratio of 400, leading to the polarization degree of the 
light source as p = re −1 ≈ 0.995. However, the extinction ratio was measured to r +1 
be  

e

re > 2000 (corresponding to p ≈ 0.999) by the vendor in 2013. There are two 
possibilities for this difference. The first is the aging of the linear polarizer, and 
second is caused by our experimental environment. The measurement of re can 
be significantly influenced by the scattered light in a laboratory, which leads to 
underestimation of re. 
Next, we investigated the change of the response matrix depending on the 

polarization degree of the light source. Assuming that the polarization degree 
of the input beam is 0.995, the representative response matrices, as shown in 
Equations 26 and 27, are changed as follows: 

⎛ ⎞ 
1 −0.00850 −0.00553 −0.00026 ⎜⎜ 0 +0.99044 −0.03445 +0.00682 ⎟

X ⎟
1 = ⎝ (44)

0 +0.03418 +0.99112 −0.00111 ⎠ 
0 +0.00743 +0.00186 +0.99175 ⎛ ⎞ 
1 +0.00696 −0.00705 −0.00636 ⎜⎜ 0 +0.99586 −0.00350 +0.00693 ⎟

X  
⎟

2 = ⎝ . (45)
0 +0.00314 +0.99617 −0.00168 ⎠
0 −0.00143 +0.00219 +0.99291 

From Equations 44 and 45, the values of the diagonal (bold text) of the 
renewed response matrices increases by ≈ 0.005 to close to unity, but other 
elements of the crosstalk remain the same as before. The change of the diagonal 
component results in the scale error of 0.015 % if the degree of the polarization 
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is 3%, which is the maximum value expected for the solar observations (see 
Section 3.4). This error is sufficiently small that using the vendor supplied re is 
sufficient and any reduction of re is neglected from degradation or experimental 
environment. 
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