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Abstract Solar activity is dominated by the magnetic field. Nowadays, a polarimeter is a
mandatory tool to measure solar magnetic fields, which are generally faint and correspond
to a polarization of an order of 1072-107*. As such, polarization measurements of high effi-
ciency with a high accuracy are crucial to investigate faint magnetic fields. Here we propose
a high-efficiency and high-accuracy polarimeter, which is based on a pair of nematic liquid
crystal variable retarders (LCVRs) and a Wollaston prism (WP). It uses a dedicated Stokes
modulation strategy to achieve high efficiency. A calibration unit (CU) is developed to mea-
sure the polarimeter response matrix, which provides a high-precision calibration to correct
possible systematic errors. Compared with other traditional polarimeters, the modulation
scheme of our polarimeter is flexible. In addition to be able to measure all the three Stokes
polarization components (Q, U, or V) simultaneously, it can also measure one or two of
these polarization components alone, with high polarization efficiency. Dedicated alignment
and calibration techniques optimized for our polarimeter are developed and high measure-
ment accuracy is achieved. In our laboratory experimental test, our two-image based polar-
ization measurement delivers an overall measurement accuracy of the order of 10™*, which
is about 10 times better, compared with our previous polarimeters that use the traditional
four-image polarization modulation. This work provides a new option for high-efficiency
and high-accuracy polarization measurement for future solar synoptic observations.
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1. Introduction

Measurements of solar magnetic fields help us to explore and research the intrinsic prop-
erties of the solar atmosphere (Hofmann and Rendtel, 2003). Polarimetry measurements
are routinely used to infer the solar magnetic fields through the Zeeman and Hanle effects
(Hough, 2005; Asensio Ramos, Trujillo Bueno, and Landi Degl’ Innocenti, 2008). With the
access to large solar telescopes, polarization signals related with electromagnetic radiation
are being measured with the highest possible resolution and accuracy, finding clues to char-
acterize atmospheric parameters in different structures, from the fine structure of the quiet
Sun to the largest sunspots (Beck et al., 2005; Solanki, Inhester, and Schiissler, 2006). As
such, polarimetric instruments have been equipped within the major solar telescopes, such
as the Advanced Solar Polarimeter (ASP: Skumanich et al., 1997), the Polarimetric Littrow
Spectrograph (POLIS: Beck et al., 2005), the Spectro-Polarimeter for Infrared and Optical
Regions (SPINOR: Socas-Navarro et al., 2006), and the Polarization Analyzer at 1-m New
Vacuum Solar Telescope (NVST: Liu et al., 2014). Among them, the mechanical modula-
tion strategy is employed, which achieves different modulation states by rotating waveplates.
However, the rotatable mechanics limits the modulation speed, and also typically renders the
image wandering on the focal plane (Wolfe and Chipman, 2006). Both shortcomings are the
source of uncertainties, decreasing the accuracy in the modulation and polarization recon-
struction. Alternatively, one can use a pair of liquid crystal variable retarders (LCVRs) to
achieve the so-called solid-state modulation without the use of any mechanical device. An
LCVR is an electro-optical modulator which achieves phase retardance variation by apply-
ing a corresponding voltage. A great merit of using an LCVR is the capability to achieve a
moderate modulation speed, typically in tens of milliseconds, without any physical move-
ment (Zangrilli et al., 2003; Shih, Hsieh, and Chao, 2014). In addition, it is able to eliminate
the image wandering phenomenon. Therefore, some advanced solar polarimeters frequently
employ the solid-state liquid crystal modulators, for example, the Flare Genesis Mission
(FGM: Bernasconi et al., 2000), the Vector-Spectromagnetograph (VSM) of the Synoptic
Optical Long-term Investigations of the Sun (SOLIS) instrument suite at the National Solar
Observatory (NSO: Keller, Harvey, and Giampapa, 2003), the LC polarimeter for eclipse
observations of the K-corona (EKPol: Zangrilli et al., 2006), the Facility Infrared Spec-
tropolarimeter (FIRS) installed at the Dunn Solar Telescope (DST: Jaeggli et al., 2010), the
Visible Imaging Polarimeter (VIP) operated at the German Vacuum Tower Telescope (Beck
et al., 2010), the High-resolution Visible and Infrared Spectrograph (HiVIS) polarimeter on
the 3.67 m Advanced Electro-Optical System telescope (AEOS: Harrington et al., 2010),
the Imaging Magnetograph eXperiment (IMaX: Martinez Pillet et al., 2011), the High-
sensitivity and High-accuracy Polarimeter (HHP: Guo et al., 2017), and the Polarimetric
and Helioseismic Imager on the Solar Orbiter (SO/PHI: Parejo et al., 2019).

A modulation scheme is important for the design of a polarimeter, since it is closely
related to the polarization measurement efficiency and the measurement accuracy. Some
polarimeters use a Stokes-balanced modulation scheme, which equalizes uncertainties and
maximizes the signal-to-noise (SNR) of the acquired images (Tyo, 2002; Asensio Ramos
and Collados, 2008). However, for a single image, all the Stokes components contribute to
the light intensity signal, which easily brings about potential crosstalk among the Stokes
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components (Barrick, Benedict, and Sabin, 2010). A direct method is to reduce the simul-
taneous contribution of all Stokes components in each image, so that only one polarization
component would contribute to the modulated intensity signal (Horn and Hofmann, 1999;
Casini, de Wijn, and Judge, 2012). Meanwhile, using a polarizing beam splitter, the dual-
beam polarimetry can effectively eliminate the crosstalk of I — Q, U, V (Hou, de Wijn, and
Tomczyk, 2013). The use of a calibration unit (CU) can quantify the system response matrix
of a polarimeter, providing a numerical correction of the crosstalk or systematic error (Beck
et al., 2005; Hofmann, 2007; Bettonvil et al., 2010). These characteristics can also allow for
high accuracy in polarimetric measurements.

In this article, we propose a high-efficiency and high-accuracy polarimeter based on a
pair of LCVRs and a Wollaston prism (WP) for our solar synoptic observations, in which
high polarization efficiency and high accuracy are the top priorities. Our polarimeter uses
a dedicated modulation strategy to maximize the polarization efficiency for the differential
polarization measurements. As such, our polarimeter has several advantages. Firstly, in ad-
dition to measure all the Stokes components simultaneously as the traditional polarimeters
that use four images for the modulation, our polarimeter is able to measure each Stokes
component individually with minimum image number requirement in the modulation, with
highest efficiency. On the other hand, depending on the nature of the scientific questions,
only one or two polarization components may need to be measured. For example, to retrieve
the prominence magnetic fields using both spectral lines of helium D3 and He, only the two
Q and U linear polarization components were used (Bommier, Sahal-Brechot, and Leroy,
1981; Bommier et al., 1994; Leroy, Bommier, and Sahal-Brechot, 1983, 1984). The SOLIS
Vector Spectromagnetograph only measures one circular polarization component V in the
Call 854.2 nm spectral line, since the other two polarization components are too weak to
be measured (Keller, Harvey, and Giampapa, 2003). To derive the system response matrix
and to allow for the on-site calibration to correct potential systematic errors, we developed a
compact CU for this polarimeter. The above characteristics allow our polarimeter to achieve
a high efficiency and a high accuracy. The remaining of this article is arranged as follows. In
Section 2, we introduce our polarimeter design philosophy, including the optical setup and
dedicated modulation strategy. Section 3 presents the alignment and calibration method-
ologies. Experimental results and discussion are provided in Section 4. In Section 5, we
summarize our conclusions for this work.

2. The Proposed High-Efficiency and High-Accuracy Polarimeter
2.1. System Setup

For solar synoptic observations, our polarimeter can be used with a dedicated telescope that
consists of transmission optics lenses, as those used for the synoptic observations at the
Kodaikanal Observatory (Ravindra et al., 2016). Such a transmission telescope should have
a negligible induced instrumental polarization over a large field of view. A standard com-
mercial Cassegrain telescope such as the Celestron EdgeHD 14” Optical Tube Assembly
can also be used. Because of the symmetry, this telescope should have an induced polar-
ization less than 10~* for wide field imaging (Sen and Kakati, 1997). For a large telescope
with a Coudé focus, it is possible to be free of induced instrumental polarization by using
a single retarding plate (Martinez Pillet and Sanchez Almeida, 1991). Solar synoptical tele-
scopes typically have an optical aperture size between 200—400 mm (Keller, Harvey, and
Giampapa, 2003; Ravindra et al., 2016). The polarimeter and tunable Lyot filter (if used)
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Figure 1 Schematic diagram of the proposed high-efficiency polarimeter.

can be installed immediately after the telescope focus. In such a way, the polarimetry mea-
surement accuracy of the system will be determined by the polarimeter only. The schematic
diagram of the proposed high-efficiency polarimeter is shown in Figure 1. In the labora-
tory experiment, a point source is used, which is generated by an assembly consisting of
a 632.8 nm He—Ne laser, a microscope objective lens and a pinhole. The light beam from
the collimating lens then goes through the polarimeter calibration unit, which is composed
of a linear polarizer (P) with an extinct ratio of approximately 100,000 : 1 and a rotating
quarter-wave plate (QWP) defined at the 633 nm wavelength. The azimuth angle of the lin-
ear polarizer is fixed, while the QWP is mounted on a Thorlabs motorized rotational mount
and its fast-axis can be rotated accordingly with an absolute angular position accuracy of
40.014°. The CU is only needed to switch into the polarimeter optical path during the po-
larization calibration as shown in Figure 1. During the polarization measurement, it will not
be a part of the polarimeter. The core modulation elements for the proposed polarimeter are
two liquid crystal variable retarders (LCVR 1 and LCVR 2) and a Wollaston prism. The
nematic LCVRs, manufactured by Thorlabs, are antireflective coated in 350-750 nm wave-
length range, without compensation for the 0° retardance. Each LCVR is operated through
a separate Thorlabs LCC25 controller, which provides a 0-25 VAC voltage with 0.001 V
resolution. A Thorlabs WPQ10 Wollaston prism is used as the polarization beam splitter
in the downstream of the optical path, which separates the light into two orthogonally po-
larized beams with a small separation angle, with a typical value of 1° in our system. The
Wollaston prism delivers a high extinction ratio on the order of 100, 000 : 1. The two beams
are recorded by a Photometrics Prime 95B scientific CMOS (sCMOS) camera with a low
readout noise on the order of 2 ¢~ and a 16-bit high-dynamic range. Dedicated LabVIEW
codes are developed to control the two LCVRs and the SCMOS camera.

2.2. Polarization Modulation and Demodulation

As shown in Figure 1, for the polarimeter system excluding the calibration unit, the rela-
tionship between the input Stokes vector S;, = (I , 0, U, V)T and output Stokes vector

Sow=(1'. Q" U,V )T can be calculated via the so-called Mueller matrices,

Sour =Mwp - Mrcvra - Micvri - Sin, (D
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where M; stands for the Mueller matrix of the optical element i. Assuming that the light
beam propagates along the Z-axis in the right-handed Cartesian coordinate system. Let us
define the X-axis in the same direction as that of the Q Stokes component. A general Mueller
matrix of a Wollaston prism with a transmission axis angle of g to the X direction is given
by

1 cos2f sin2f 0
cos2p cos?2p cos2fsin28 0
sin28  cos2fsin2p sin? 28 ol

0 0 0 0

1
Myp(B) = 2 (@)

where 8 = 0° or 90° for our polarimeter, which means that the two transmission axes of the
Wollaston prism are defined in the X and Y direction, respectively.

The fast axis angles of LCVRs 1 and 2 with respect to the X direction are 22.5° and 45°,
respectively. For each LCVR with a phase retardation ¢, its Mueller matrix is given by

2 0 0 0
_ o _ 110 T+cos¢ 1—cosg; —\/Esinqbl
Mypcyri(a) =22.5% ¢1) = 3]0 1—cosg 1+4cosg, VIsing | 3)
0 ﬁsinqbl —ﬁsinqﬂ 2 cos @y
1 0 0 0
R 0 0 —si
Micvm( =45 ¢y = <% 0 T | @

0 sing, 0 cos¢,

Based on the above equations, different modulation status with different retardance com-
binations (¢;, ¢,) can be achieved. The light incident on the polarimeter can be modulated
as a dual-beam intensity signal, and recorded by a camera. Note that the intensities of two
light beams are expressed as I, (¢1, ¢2) and Igx(¢;, ¢2), respectively.

By carefully analyzing the above equations, we found that the following combinations
can be used to measure each Stokes polarization component with the maximum efficiency:

i) To measure the linearly polarized Q component, the LCVR 1 retardance is fixed at
0°, while the LCVR 2 retardance is switched between 0° and 180°, respectively. The
normalized Q component is solved as

Qo 1 |:IL(0°,0°) —1;(0°,180°)  IR(0°,0°) — Ir(0°, 180°):| )
7= .

2 [ 1,(0°,0°) + 1,(0°, 180°)  1g(0°,0°) + I¢(0°, 180°)

ii) To measure the linearly polarized U component, the LCVR 1 retardance is fixed at
180°, while the LCVR 2 retardance is switched between 0° and 180°, respectively. The
normalized U component is solved as

I~ 2| I,(180°,0°) + 1, (180°, 180°)

Ir(180°,0°) — Ix(180°, 180°)
Ir(180°,0°) + Ix(180°, 180°) |

U 1 [[L(180°,0°) — 1;,(180°, 180°)

©)

iii) To measure the circularly polarized V component, the LCVR 1 retardance is fixed at
0°, while the LCVR 2 retardance is switched between 90° and —90°, respectively. The
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Table 1 Modulation status and

LCVR retardance combinations. No  Modulation status LCVR 1 retardance  LCVR 2 retardance

1 1+0 0 0
2 IFQ 0 A/2
3 I1+U 1/2 0

4  IFU r/2 A2
5 ItV 0 1/4
6 IFV 0 /4

normalized V component is solved as

V. 1[1.(0°,90°) — 1.(0°,=90°)  Ig(0°,90°) — Ix(0°, —90°) o
I 2| 10(0°,90°) + I(0°, —=90°)  Ix(0°,90°) + Ix(0°, —90°) |

By changing the phase retardance combinations of the two LCVRs according to the above
equations, the polarization signal can be modulated and the associated Stokes component
can be derived accordingly via the so-called demodulation. Table 1 summarizes the modu-
lation strategy and its corresponding Stokes polarization component that can be measured.
In the modulation status column, the signs + and — stand for the left and right beam, re-
spectively. Here, in our polarization modulation, it is clear that each time two images can
be directly used to derive one Stokes component, which maximizes the polarization mea-
surement efficiency of the corresponding Stokes component; this will be discussed in detail
in the next subsection. In addition, since only one Stokes component is measured in these
two associated images, it has the potential to avoid the crosstalk between the four Stokes
components.

2.3. Polarization Efficiency

Polarization measurement efficiency is a critical parameter for a polarimeter development,
since a high efficiency is an indication of a high signal-to-noise ratio, which eventually de-
termines the uncertainties to derive the corresponding Stokes components (Collados, 1999;
del Toro Iniesta and Collados, 2000). The dedicated modulation configuration of our po-
larimeter provides the flexibility to measure each polarization component individually and
thus maximizes the corresponding measurement efficiency. This is important for the polar-
ization measurements, as in many observations only one or part of the Stokes components
need to be measured. However, the conventional polarimeters use at least four modulation
images simultaneously to measure the four Stokes polarization components which easily
leads to crosstalks between different Stokes components. The crosstalk between the polar-
ization components may contaminate the measurement purity and thus reduce the polariza-
tion measurement accuracy. Based on our polarimeter, we discuss different configurations
for the measurement of the Stokes components, which could be used.

i) Measurements of Q and U components simultaneously

For a solar polarimeter to measure the weak magnetic field, a maximum overall polar-
ization efficiency of 1 is desirable. The optimization of the modulation configuration for
the maximum efficiency consists of minimizing the uncertainty for each of the Stokes-
component measurements. As shown in Table 1, when the four images from number 1
to number 4 are used, two linearly polarized components Q and U of the input light
can be measured. According to the Mueller calculus, for the four intensity images I =
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(I 1, I, I3, Iy )T, the associated input Stokes components can be solved from the equation
I =M -S;,, where M is the modulation matrix of the polarimeter. The demodulation ma-
trix of a polarimeter is D = (M7 M)~'MT; this is the pseudoinverse matrix of M. For the
proposed 2-beam system, from Equations 5 and 6, we have

— 025 025 025 0.25

0
0 — 05 =05 0 0
1 cthus D=1~ 0 05 —05 ®)

~1

—

1
-1
0
0

Assuming that (6,, €9, €u, GV) are the polarization efficiencies of the Stokes compo-
nents (I ,0,U,V ) The polarization efficiency of a 4-image system can be calculated as
(del Toro Iniesta and Collados, 2000)

1
2

e=|n) Di] . ©)
j=1

where n = 4 is the total image number. i = 1, 2, 3, and 4 stands for any of the corresponding
four Stokes components. This yields the efficiency for each polarization component as

(61,€Q7€U»6V):(1, %E,%E,O). (10)

It should be noted that the intensity efficiency €; is always equal to 1 for the 2-beam
system. The modulation configuration delivers the same polarization efficiency for each of
the Q and U components, and achieves the highest overall polarization efficiency of 1, i.e.

Veép +ep+ey =10 (11)

ii) Measurement of the V component only.

In a similar modulation to the previous case, the V component can be measured, but only
using two images, numbers 5 and 6, listed in Table 1. In this case, since the observation
time is doubled because only two images are needed, compared with the previous case that
needs four images, the V component has a measurement efficiency of 100% in real scientific
observations. Thus, the polarization efficiency is

(€1, €0, €u,€y)=(1,0,0,1). (12)
In this case, the configuration delivers the highest polarization efficiency for the circular
polarization component V.

iii) Measurements of Q, U, and V simultaneously.

The three components Q, U, and V can be measured using all the six images from num-
ber 1 to number 6, shown in Table 1, and the polarization efficiency of the three components
are

(617€Q7€U,€V):(1, é, %, g) (13)

Accordingly, the overall efficiency is

1/ezg—l—elzj—i—e‘2,=1.0. (14)

@ Springer



109 Page 8 of 23 D. Ren et al.

Figure 2 Polarization elements
and their associated azimuth Y axis
errors.

Wollaston Prism Z axis

It is clear that our polarimeter can use different configurations to measure different Stokes
components. When only one of the polarization components is measured, it delivers a max-
imum efficiency of 1.0.

3. System Calibrations

For a polarimeter, the alignment of the modulation elements is a critical step to achieve
a high accuracy. If any parameter value of an element seriously differs from the theoretical
estimation, one would not be able to derive the polarization component correctly. In addition,
the calibration of the instrumental polarization is also an important step to quantify the
crosstalk, and provides a means to correct a possible system alignment error (if there is) by
finding the polarimeter response matrix.

3.1. Alignment Error Sensitivity Analysis

The alignment error analysis considers the azimuth error of the polarization optics. For
the proposed polarimeter, the X and Y directions are defined in advance in the Cartesian
coordinate system. Under the circumstance of a point light source, if the two spots exiting
the Wollaston prism distribute horizontally, the reference =X axis is defined.

For the error of the fast axis azimuth, both LCVRs and Wollaston prism would be taken
into consideration. Figure 2 illustrates the relationships of possible error sources in the po-
larization optics, which includes the azimuth errors of the two LCVRs and the Wollaston
prism, expressed as o}, 0, and o3, respectively.

From Table 1, if all I, Q, U, and V components are included, the modulation matrix of
the system is

, 15)

0o o0
0 o
1 0
1 0
0 1
-1

—_— = e
SO OO ==

0

so that the six intensity images Iy = (I}, I, I3, I, Is, Is)T and the input Stokes vector S;, =
(I, Q,U, V)T are connected with the modulation matrix as Iy = M - S;,. In the remaining
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M11 M12 M13 M14
1 0.5005 0.02 05
05 05— 0 / 0
0 0.4995 -0.02 05
05 0 05 05 0 05 05 0 05  -05 0 05
1 M21 -0.498 M22 0.05 M23 05 M24
05 05 0 0
0 -0.502 -0.05 05
-05 0 . 05 0 05 05 0 05  -05 0 05
; M31 005 M32 0502 M33 os M34
05 o ———] 05— 0
0 -0.05 0.498 05
05 0 05 05 0 05 05 0 05 05 0 05
; M41 005 M42 o8 M43 os Md44
05 0p_———1 05 0
0 -0.05 -0.502 05
05 0 05 05 0 05 05 0 05 05 0 05
-3
; M51 | x10° M52 0.02 M53 05005 M54
05 0 0 05
0 A -0.02 0.4995
05 0 05 05 0 05 05 0 5 05 0 05
-3
1 M61 1 X107 M62 0.02 M63 -0.4995 M64
05 0 0 05
0 - -0.02 -0.5005
-05 0 05  -05 0 05 05 0 05  -05 0 05

Figure 3 Influence on the modulation matrix from the azimuthal errors o1, 02, and o3 for one beam light
output case only. The X coordinate is the azimuth error in degrees. The Y coordinate is the value of the
elements in the systematic Mueller matrix. Red, green, and blue lines are azimuth from o, 07, and o3,
respectively.

part of this article, this 6 x 4-element modulation matrix M will be used to characterize our
polarimeter.

We conduct a sensitivity analysis with each of the oy, 07, and o3, respectively. In the
numerical simulation, the impact on the systematic Mueller matrix is considered under the
axis azimuth errors oy, 05, and o3, respectively, with a range from —0.5° to 0.5° individ-
ually. This range is consistent with that of the rotational mounts currently adopted in this
experimental system. Figure 3 illustrates the impact to the 6 x 4 modulation matrix of the
system caused by oy, 05, and o3, respectively. Each sub-figure shows the value of the cor-
responding element in the matrix in Equation 15. The red, green, and blue curves represent
the shift result from the azimuth errors of oy, 0,, and o3, respectively.

Based on the modulation matrix, we can calculate the measurement accuracy for each
Stokes component as a function of these errors. From Figure 3, it is obvious that the mis-
alignment of fast axes mainly introduces the crosstalk between Q and U components, and
the numerical results are shown in the elements M3, M»3, M3y, My, Ms3, Mg;. If the po-
larimeter needs an accuracy of 5 x 1073 level, the azimuth error should be o < £0.235°.
If the polarimeter needs an accuracy level of 2 x 1073, the azimuth error should be
o < =£0.115°.
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3.2. LCVR Retardance Measurements

The polarization modulation is performed by the two LCVRs, in which the required phase
retardance is controlled by applying a voltage to the corresponding LCVR. An accurate
retardance-voltage relationship is needed to operate an LCVR properly. The retardance is
measured via the light intensity variation when the testing LCVR is sandwiched between
two perpendicular or parallel linear polarizers (Wu, Efron, and Hess, 1984). The fast axis of
the testing LCVR is at 45° from either axis of the polarizer. For our proposed polarimeter,
the LCVR is sandwiched between a fixed polarizer and a WP, so as to measure the light
intensities L and L exiting WP simultaneously. The transmitted intensity and the LCVR
retardance relationships are given by

8

L, = lyexp(—apd) sin? > (16)
, 8

Ly = Iyexp(—aod) cos 3 amn

where « represents the liquid crystal absorption coefficient for the ordinary ray, and d is
the thickness of the liquid crystal. The retardance can be derived from the ratio of L and
L, which is

Nm +2tan™" i—ﬁ N=0,24,...,

18] = (18)

(N + D —2tan™! ﬁ N=1,3,5,...,

where N is the ambiguity for the determination of §, which is determined by the charac-
teristics of the liquid crystal.

Figure 4 shows the test results of the applied voltage and retardance for the two LCVRs,
respectively. Table 2 shows the calibrated voltages required by the modulation scheme in our
polarimeter. In the calibration, the voltages for the two LCVRs are shifted from 0.00 V to
6.00 V with an interval of 0.01 V. The room temperature was 27.6 °C during the calibrations.

Since the LCVRs are not compensated for a 0° phase retardance, some of the desired
retardances will add 360° when used for our polarimeter. For example, 0° will be replaced
by 360°, and —90° will be replaced by 270°. Please note that adding 360° will not change
the modulation matrix.

3.3. Instrumental Polarization Calibration

A polarimeter actual measurement accuracy in observations depends critically on its cal-
ibration. This calibration can be done by placing the calibration unit in the front of the
polarimeter. This cannot be perfect for any polarimeter and some alignment errors may ex-
ist, which may reduce the polarization accuracy. Considering a polarimeter, the true input
Stokes vector S;,,. and the measured Stokes vector §,, are related by a 4 x 4-element po-
larimeter response matrix X as S,, = X - S ye-

The accurate determination of the polarimeter response matrix X is the goal of the po-
larimeter calibration, which can be achieved using a series of known input Stokes vectors
generated by the CU, and then measuring the associated polarimeter output Stokes vectors.
The data can then be used to solve the polarimeter response matrix X. As illustrated in Fig-
ure 1, the proposed polarimeter uses a CU for the modulation matrix calibration. The CU
includes a fixed linear polarizer with its fast axis at 0°, and a rotating QWP mounted on a
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Figure 4 The calibrated retardance-voltage relationships of LCVRs 1 and 2. Upper panel: LCVR 1. Lower
panel: LCVR 2. For each LCVR, we show both the intensity and the retardance curves.

Table 2 Calibrated voltages for

LCVRs 1 and 2 in the modulation =~ N0  Modulation  LCVR 1 LCVR 2

scheme. status Retardance  Voltage  Retardance  Voltage
1 V==XV 0° 1.165V 0° 0.995 VvV
2 IF0 0° 1.165V  180° 1.663 V
3 1+U 180° 1.819V 0° 0995V
4 I1FU 180° 1.819 Vv 180° 1.663 V
5 1+V 0° 1.165V  —90° 1.283V
6 IFV 0° 1.165V 90° 2499V
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step motor rotational stage. The CU generates discrete known polarization states to calibrate
the system and thus derive the polarimeter response matrix X, which can be used to correct
potential system errors. The CU generated Stokes vectors S;,,. = Scy and measured out-
put Stokes vectors S, on the polarimeter are connected by the 4 x 4-element polarimeter
response matrix X as

Sn=X-Scu. (19)

For a CU consisting of a linear polarizer and a QWP, the CU generated Stokes vector
Scy can be calculated as

Scu = Mowp(8;) - Mp(©Op) - S, (20)

where Mowp and Mp denote the Mueller matrices of the QWP and of the linear polarizer
in the CU, respectively, 6; = (5i)° and 6p = 0° are the azimuth angle of the fast axis of the
QWP and transmission axis of the polarizer, respectively. i =0, 1, ..., 36 is the rotational
angular count number of the QWP. In our test, we use a non-polarized light source, and
therefore S = (I , 0,0, O)T is the non-polarized incident light on the CU with an averaged
intensity /. In the calibration, supposing that the QWP rotation angle 6; is between 0° and
180° with a 5°-step, the CU generated Stokes vectors are

1 2 . . T
Scu = 3 (1, cos?6;, sin26; cos26;, sin26; ) . 21

So far, we have the input Stokes vectors in a group of Ss437 and we can also measure the
output Stokes vectors of S,, 4x37. The 4 x 4-element polarimeter response matrix, X, can be
solved by using the singular value decomposition (SVD) inversion from Equation 19. For
the proposed polarimeter, we found its polarimeter response matrix to be

1.0000  0.0000  0.0000  0.0000
X — —0.0543 1.0397 —0.0201 —0.0609 22)
— | -0.0035 -0.0174 1.0183  0.0178 |-

—0.0013 0.0487 —0.1058  0.9732

The polarimeter response matrix can be combined with the modulation matrix defined by
Equation 15 that includes all Stokes elements, and we define a calibrated modulation matrix
M cal

0.9457 1.0397 —-0.0201 —0.0609
1.0543 —1.0397  0.0201 0.0609
0.9965 —-0.0174 1.0183 0.0178
1.0035 0.0174 —1.0183 —-0.0178 |’
0.9987  0.0487 —0.1058  0.9732
1.0013 —0.0487  0.1058 —0.9732

My=M-X= (23)

so that the true input Stokes vector S;,,. can be derived from the 6-element measured inten-
sity image vector Iy with the calibrated modulation matrix as

Strue = (1‘40(111)71 ' 107 (24)

where (M.4;)~! is the pseudoinverse matrix of the M., and can be obtained using the

SVD approach. Iy = (11, L, I3, 14, Is, I )T is the image vector including the six measured
intensity images listed in Table 1.
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Figure 5 Photograph of the proposed polarimeter during a laboratory test.

4. Experimental Results and Discussion

4.1. Simultaneous Measurements of all Stokes Components for the Proposed
Polarimeter

Figure 5 shows the photograph of our polarimeter during the laboratory test. In the exper-
iment, we choose fully polarized light of different states to characterize and calibrate the
system. As discussed previously, the polarimeter response matrix X from Equation 22 is
used to correct the possible system errors. For each polarized light, all the six modulation
states, which correspond to six intensity images [y = ( 1, I, I3, 1, Is, I )T, are driven by
the LCVRs, and the light intensity signals are recorded by a scientific CMOS camera (Pho-
tometrics Prime 95B). All the acquired images are subtracted with dark-current images. For
each modulation state, 100 intensity images are recorded and averaged as a master image
to depress the light-source intensity variation, since the commercial He-Ne laser (Thorlabs
HNLOSOR, with a working wavelength of 632.8 nm) we used as the light source typically
has an intensity variation up to 5%. Since a point source is used for this test, a region-of-
interest (ROI) with 25 x 25 pixels enclosing the point spread function (PSF) Airy disk is
extracted for the performance characterization.

Figure 6 demonstrates the measured and calibrated results of 37 discrete states of the
polarization light source Q, U, and V that will be used to test and calibrate our polarimeter.
These are generated by a fixed linear polarizer and a rotating QWP, whose combination can
generate any known polarization state and be used to calibrate our system. The fast axis of
QWP rotates from 0° to 180° with an interval of 5°. Since any polarimeter may have some
unavoidable residual error, as we discussed previously, the polarimeter response matrix X
is used to calibrate our system. It can be seen that after the polarization calibration, the
normalized Q, U, and V components are calibrated well following the theoretical values,
even though there is some system error for each measured polarization signal before the
calibration correction. Relative accuracy is measured after these calibrations. From Figure 6,
it is clear that the input signal for each polarization component is variable and its value is
determined by the rotation angle of the QWP. For example, the amplitude of the normalized
Q varies between 0 and 1, with 1 as its maximum value. For each polarization component
measurement, the input signal is aligned to make the amplitude (+ or — maximum value) of
the measured polarization component (such as the U) to have a maximum value, since in this
case it will have the best signal to noise ratio and thus facilitate high-accuracy measurements.
Table 3 shows the root-mean-square (RMS) measurement error for each Stokes component,
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Figure 6 Measured and calibrated results of different generated states of polarized light. From top to bottom
for the normalized Stokes Q, U, and V components, respectively. Green lines for theoretical data, blue lines
for measured data before the polarization calibration, and red lines for data with polarization calibration.

which characterizes the relative accuracy of our polarimeter. The RMS error is defined as
the standard deviation between measured and theoretical incident Stokes components. It
includes the random photon noise, detector readout noise and all other possible noises. Here,
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Table 3 Six-image modulation

polarization accuracy Normalized Stokes components RMS error

measurements.
(0 Q/1 2.905 x 10~
(=90/1 2.419 x 1074
(+HU/I 2.633 x 1074
(=)U/I 3.568 x 1074
(+HV/I 6.383 x 10~4
(—)V/I 6.891 x 10~4

Table 4 Two-image modulation -

polarization accuracy Normalized Stokes components RMS error

measurements on V component

only. (VI 7.783 x 104
(=V/1 8.826 x 1074

the symbols (+) and (—) indicate that the measurements are done at the maximum positive
and maximum negative value of the associated input polarization signal, respectively. It can
be seen that the proposed polarimeter achieves an accuracy of 7 x 10~ for the circular
polarization signal, and an accuracy around 3 x 10~ for the linear polarization signal.

4.2. Partial Stokes-Component Measurements of the Proposed Polarimeter

In the previous subsection, the polarization accuracy of the proposed polarimeter is mea-
sured simultaneously on all of the three Stokes components O, U and V. That is, the result
is fully calibrated using all the six intensity images. As discussed previously, in many scien-
tific observations, only partial components of the Stokes vector, such as V or Q and U, are
needed to measure. In this subsection, we will discuss how to measure partial components
of the Stokes vector.

i) Measurements of the V component only.

If only the circular polarization component V is required to be measured, only rows 5
and 6 in Equation 23 will be adopted for the demodulation, which corresponds to images
numbers 5 and 6. Further, the coefficients for the two row polarization components Q and
U should be rounded as 0. In this way, Q and U components will not be included in our cal-
culation to derive V, and Equation 23 is now simplified as a 2 x 2-component matrix, which
only includes the elements from rows 5—6 and columns 1 and 2. Therefore, only two images
are required for the measurement of the V component. As we will see, such a rounding off
will almost not reduce our measurement accuracy. Table 4 shows the polarization accuracy
of the V component, when only two images numbers 5 and 6 are used. It is obvious that the
measurement accuracy of V in the two-image case is almost identical to that of the 6-image
case discussed in the previous subsection.

ii) Measurements of the Q and U components simultaneously.

Similarly, if only the two linear polarization components Q and U are required to mea-
sure, rows 1 to 4 in Equation 23 will be adopted for the demodulation, corresponding to
images 1 to 4. Furthermore, the V component coefficient should be rounded as 0, so that V
will not be included in our calculation to derive the Q and U components. Now, Equation
23 is simplified as a 4 x 4-component matrix, so that only four images are needed. Table 5
shows the polarization accuracy of Q and U components when using only the four images
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Table 5 Four-image modulation

polarization accuracy Normalized Stokes components RMS error

measurements on Q and U

components only. +)Q/1 3.241 x 1074
(—0/1 3.069 x 1074
(HU/1 2.618 x 1074
(—)U/I 2.591 x 10~4

1 to 4. Again, it is clear that the measurement accuracy of Q and U in the four-image case
is almost identical to that of the 6-image case.

Comparing the results shown in Table 3, the polarization accuracy is almost on the same
scale for both demodulation methods discussed in this subsection. It can be seen that the
impact from the unmeasured Stokes component is negligible. Therefore, the proposed po-
larimeter can be used on real scientific observations for partial Stokes-component measure-
ments. It is worth noting that our 2 or 4-image modulation can only be applied when other
unmeasured polarization components have a smaller value than that of the measured one.

4.3. Results of the Traditional 4-Image Polarimeter

In order to compare our proposed modulation scheme with the traditional 4-image modu-
lation one, we conducted an experiment under the same measurement conditions. The tra-
ditional 4-image modulation scheme we adopted here was previously used by the Imaging
Magnetograph Experiment (IMaX: Martinez Pillet et al., 2011). It uses two LCVRs and the
azimuth angles of the fast axes of the two LCVRs are 0° and 45°, respectively. The retar-
dance combinations and corresponding voltages of the two LCVRs are listed in Table 6.

To compare the measurement result, we setup a polarimeter that uses the traditional mod-
ulation scheme with the IMaX. Considering one beam only, the modulation matrix of the
IMaX is

V3/3 0 V33 V33

1
v |1 VB3 VA3 V33
4—image — 1 _ﬁ/f} —\/5/3 \/5/3 ’
1

(25)
—v3/3 V33 —J/3/3
and its corresponding demodulation matrix is
1 1 1 1
P RV BV S RV 06
4—lmage—4 \/§ _\/g —\/§ ﬁ .

V3 V3 V3 -3

In the ideal case, the efficiency of the polarization measurement (6 I, €05 €U, €V ) of the
Stokes components (I, 0, U, V) is

(€1, €0, v, ev) = (1,/3/3,3/3/3,/3/3). Q27)
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Table 6 Resulting voltages for

LCVRs 1 and 2 in the traditional ~ NO LCVR | LCVR 2

4-image modulation scheme. Retardance Voltage Retardance Voltage
1 315° 1.130 V 305.264° 1.546 V
2 315° 1.130 V 54.736° 3743V
3 225° 1458 V 125.264° 2013V
4 225° 1.458 V 234.736° 1417V

Table 7 Traditional 4-image

modulation scheme polarization Normalized Stokes components RMS noise value

accuracy measurements.
(+Ho/I 3.899 x 1073
(=) 0/I 6.456 x 1073
(+HU/I 7.296 x 1073
(=U/I 4.934 x 1073
(+HV/I 1.269 x 1073
(=)V/I 1.854 x 1073

It delivers an overall efficiency of 1.0. The modulation and demodulation matrices taking
into account the polarimeter response matrix, X, of our system are

0.9659  0.6183 0.5152  0.5370

M ‘ _ 0.9714  0.5822 —0.5384 —0.6073 28)
cal 4-image 1.0326 —0.5621 —0.6374  0.5868 |’
1.0301 —0.6384  0.6606 —0.5164
0.2500  0.2500  0.2500  0.2500
D . _ 0.4652  0.3918 —-0.3875 —0.4173 (29)
cal 4—image 0.4259 —-0.4088 —0.4383  0.4256

0.4683 —0.5087  0.4170 —-0.3775

Therefore, in our measurements, the polarization efficiencies of Q, U, and V components
are 0.6001, 0.5886, and 0.5610, respectively.

Figure 7 shows the measured and calibrated results of the 37 discrete states of the polar-
ization light source for the Q, U, and V, respectively, using this traditional 4-image mod-
ulation scheme. Table 7 shows the RMS measurement error for each Stokes component,
which characterizes the accuracy of this traditional polarimeter. It can be seen that the po-
larization accuracy is around the 1073 level, which is about 10 times larger than that of our
proposed polarimeter discussed in the previous two subsections. Therefore, the traditional
4-image polarimeter shows lower polarization accuracy under the same test conditions in
this experiment.

4.4. Crosstalk Comparison
In this subsection, we will investigate the crosstalk in one polarization component induced
by the other components, in the case where the two LCVR retardances are deviated from

their theoretical values, with the goal to compare our 6-image polarimeter with the tradi-
tional 4-image one. We assume a retardance error of 1/100 working wavelength, for both
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Figure 7 Measured and calibrated results of different generated states of polarized light for the traditional
4-image polarimeter. From top to bottom the normalized Stokes Q, U, and V components, respectively.
Green lines represent the theoretical data, blue lines the measured data before the polarization calibration,
and red lines the data with polarization calibration.
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the Thorlabs LCC1223-A LCVRs used in our polarimeter, even though higher precision
may be available for custom-made ones in our future development. We further assume that
the first LCVR has a positive retardance error, while the second LCVR has a negative re-
tardance error, since other combinations such as a positive retardance error for both LCVRs
will yield a zero value for some of the crosstalk components in one of the polarimeters,
which would make the comparison less valid.

Let the A§ = 1/100 be the retardance error with a positive value, where X is the wave-
length. The retardance error is added on the LCVR 1 and LCVR 2 as ¢| = ¢ + AS and
¢, = ¢, — A, respectively. For our proposed 6-image polarimeter, the polarimeter modula-
tion matrix Mg_,,,., can be calculated according to the Mueller matrices from Equation 1,
which is

1 0.9998 —0.0018  0.0184

1 —0.9998 0.0018 —-0.0184

, 1 —0.0018 0.9998 —0.0184

Ms-inage = 1 0.0018 —0.9998  0.0184 (30)
1 —0.0184 —0.0444  0.9988
1 0.0184  0.0444 —0.9988

With these retardance errors added, we calculate the output Stokes vector with the fully
polarized input light S;, = (1, 1, 0, O)T with Q/I =1, using the first and second rows of
Equation 30 and Equation 5. This solves the normalized Stokes component Q /1 = 0.99983.
Thus, the crosstalk from Q to Q is 1.70 x 107*. By using the third and fourth rows of
Equation 30 and Equation 6, the crosstalk from Q to U is 1.80 x 1073, Again, using the fifth
and sixth rows of Equation 30 and Equation 7, the crosstalk from Q to V is 1.84 x 1072
Similarly, for the input polarized light S;, = (1, 0,1, O)T with U/I =1, using the third
and fourth rows of Equation 30 and Equation 6, we have the crosstalk from U to U being
1.70 x 10~*. In a similar way, the crosstalk from U to Q is 1.80 x 1073 and from U to V
is 4.44 x 1072, respectively. Finally, for the input polarized light S;, = (1, 0,0, I)T with
V /I =1, we have the crosstalk from V to V being 1.15 x 1073, and the crosstalks from V
to Q and from V to U being 1.84 x 1072 and 1.84 x 1072, respectively.

For comparison, we also conduct the error analysis with the traditional 4-image polarime-
ter, with the same retardance errors added on the LCVR 1 and LCVR 2. In this case, the
modulation matrix of the traditional 4-image polarimeter is

1 0.5249  0.5629  0.6385
y |1 0.6275 —0.5149 —0.5841 31
d-image — | 1 —0.5249 —0.6385 0.5629
1

—0.6275  0.5841 —0.5149

The results for both polarimeters with a retardance error A§ = A/100 on both LCVR
1 and LCVR 2 are shown in Table 8. We can see that while both polarimeters have similar
performances for the crosstalks between different polarization components such as the U —
V, the proposed 6-image polarimeter has a small crosstalk induced by the same polarization
component to itself (i.e. a small Q — Q, U — U and V — V), which is about 10 times
smaller than that of the traditional 4-image polarimeter. The small self crosstalk means our
polarimeter has the potential to deliver a better measurement accuracy, if other polarization
components are very small or suppressed. For example, in our laboratory test and calibration,
when we measured the polarization component V', we used a light source that only has the
V polarization component as the input, and in this case our 6-image polarimeter delivered a
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Table 8 The crosstalks of our

6-image polarimeter and the Crosstalk Proposed polarimeter Traditional polarimeter

traditional 4-image polarimeter,

at the retardance error 0—0 1.70 x 10~4 1.97 x 1073

A8 = /100 on both LCVR 1 0—>U 1.80 x 10=3 3.88 x 10~2

and LCVR 2. 0>V 1.84 x 1072 0.00
U—Q 1.80 x 1073 4.44 x 1072
U—>U 1.70 x 1074 234 x 1073
UV 4.44 x 1072 6.28 x 1072
V>0 1.84 x 1072 272x1073
VU 1.84 x 1072 6.11 x 1072
VoV 1.15x 1073 2.88 x 1072

measurement accuracy of 1.15 x 1073, compared with the 2.88 x 1072 of the traditional one.
We used this approach to test and calibrate the O, U, and V component on our polarimeter
system, as discussed in Section 4.1, which provides high measurement accuracy.

4.5. Discussion

Our polarimeter uses a dedicated modulation strategy, in which only two images can be
used to measure one Stokes component (i.e. V). This can be explained on the first order
approximation by investigating Equation 23. In an ideal situation of no system error, Equa-
tions 23 and 15 will be identical. Therefore, from Equation 15, we can use two images to
derive a Stokes component, without crosstalk from the other polarization components. That
is, we can use images 5 and 6 to derive the Stokes component V. In the case there is a lim-
ited system error, Equation 23 will slightly differ from Equation 15. The difference in each
corresponding matrix element between these two matrices is dependent on the alignment
accuracy of the polarization elements (and the element retardance tolerances). For a good
alignment system, the non-relevant elements that can be rounded off in order to derive the
Stokes component V from the two images will approach zero (or have a very small value),
which has a negligible impact on the measurement accuracy. For example, if we explore
the non-relevant elements (i.e. the elements as;, dass, ds, dg3 in matrix M,,), they have a
value in the range from 10! to 102, This indicates that the crosstalk from other polariza-
tion Stokes elements (i.e. Q and U) will be suppressed by a factor of 10~ to 1072. This
will not be a problem, since in real scientific observations, such as the case for the SOLIS
project, the other non-measured Stokes components are generally weaker than the measured
one. In addition, the maximum polarization efficiency in the 2-image case delivers better
signal-to-noise ratio, which effectively promotes a measurement with high accuracy. This
explains why we can achieve almost the same measurement accuracy for the V component
using two images or six images, since it is fundamentally based on the 2-image modulation
case (i.e. ideally, there is no difference between the 2-image, 4-image, and 6-image cases for
our polarimeter modulation schemes). Therefore, this explanation for the 2-image case can
also be applied to the 4-image case (or the 6-image case) for simultaneous measurement of
the Q and U linear components with our polarimeter. For a more sophisticated discussion
about polarization calibration and accuracy analysis, we refer to Ichimoto et al. (2008).

In this experiment, all the alignments were conducted by manual adjustments of the an-
gular position for the associated mechanical translation stages, as discussed in Section 3.1.
It is worth noting that our polarimeter measurement accuracy can be further improved by
exploring better alignment techniques. One promising technique is to use the electronic
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servo-control translation stages to replace the current manual adjustment based stages, and
use a closed-loop to optimize the matrix M., defined in Equation 23. For that purpose, we
can define a merit function as J = (afy + a}, + a3, + a3, + a3, + a3, + a}, + ai, +a, +
a2, + a2, + ak;), which is the square sum of all the non-relevant elements. The algorithm
works to optimize the translation stage angular positions by minimizing the merit function.
That is, the closed-loop optimization will minimize the non-relevant elements in the cali-
brated modulation matrix M,,;. We will report the results of this potential closed-loop based
optimization technique in our future publication.

5. Conclusion

We present a high-efficiency and high-accuracy polarimeter for solar weak magnetic field
measurements. It consists of two LCVRs and a Wollaston prism as the core optics, and a
CU with a fixed linear polarizer and a rotating QWP for the system polarization calibration,
and a scientific CMOS camera for image recording. Numerical analysis on the modulation
strategy and system calibration are discussed, and related experiments are conducted mea-
suring different polarization signals. Our polarimeter uses a dedicated modulation strategy,
in which only one Stokes component can be measured using two intensity images, with other
Stokes components having almost no contribution to this measurement, so that maximum
polarization efficiency and high accuracy are achievable.

Dedicated alignment and calibration techniques optimized for our polarimeter were de-
veloped and discussed. The system accuracy was confirmed by the measurements of polar-
ized signals in our experimental tests. Polarization accuracy on the order of 3-7 x 10™* was
achieved. Our polarimeter is flexible. Depending on the nature of the scientific observations,
it can also be used to measure two or three polarization components of the Stokes vector
with the same polarization measurement accuracy. When only one or two polarization com-
ponents are measured, it can deliver even higher polarization efficiency. In summary, our
polarimeter has the potential to be used for high-efficiency and high-accuracy polarization
measurements for future solar synoptic observations.
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