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Abstract

The solar magnetic field governs all the solar activities occurring at the outer
atmosphere of Sun. The magnetic field lines in the solar atmosphere are stressed
or deformed by the convective motion at the photosphere. These stressed magnetic
field configuration is believed to be responsible for activity phenomena like flares,
filament eruptions, coronal mass ejections (CMEs) etc. Majority of the eruptive
events occur in the regions of strong and complex magnetic fields called as ac-
tive regions. These eruptive phenomena directly affect near-FEarth space weather
by the accompanying high-energy radiation and charged particles. In order to
predict these events a detailed investigation of solar magnetic structures is re-
quired. Thus, measurement of solar magnetic fields is of utmost importance in
solar physics. However, measurement of solar magnetic field is done remotely by
measuring the polarization of solar spectral lines induced by Zeeman effect. Po-
larization measurement is quite a challenging task because the polarization state
of incoming light can be modified due to several factors/components (Earth atmo-
sphere, Telescope, other optical components) coming in the path of light beam.

Multi-Application Solar Telescope (MAST), a 50 cm off-axis Gregorian tele-
scope, was installed at Udaipur Solar Observatory (USO), India, which has been
made operational recently. For understanding the evolution and dynamics of so-
lar magnetic and velocity fields, an imaging spectropolarimeter has been developed
at USO as one of the back-end instruments of MAST. This system consists of a
narrow-band imager and a polarimeter. This instrument is intended for the si-
multaneous observations in the spectral lines at 6173 A and 8542 A, which are
formed in the photosphere and chromosphere, respectively. The focus of this the-
sis 1s on the development of a polarimeter for measuring the polarization signal
induced in the photosphere and chromosphere. The polarimeter includes a linear
polarizer and two sets of Liquid Crystal Variable Retarders (LCVRs). It is known

that the retardance of LCVR depends on the voltage and temperature. Voltage at



v

a constant temperature is used for fast modulation.

However, fluctuations in the temperature and voltage reduces the accuracy
in the polarimetric measurements. Thus we have characterized LCVRs of the
polarimeter for various combinations of voltages and temperatures. Further, to
achieve a sufficient polarimetric accuracy of 1072 | it is necessary to calibrate the
polarimeter and remove the cross-talk arising from the polarimeter itself. The
calibration of the polarimeter is performed by introducing a calibration unit (CU)
consisting of a linear polarizer and a zero order quarter wave plate (QWP). Both
elements are placed in computer controlled rotating mounts. The calibration unit
is placed just after the folding mirror (M6) of MAST. Thus, during operations with
MAST, calibration unit is used to generate known polarization by rotating QWP.
The polarimeter response function or X-matriz is determined from a comparison
between created input and measured output. The application of the inverse matrix
X1 on the measured Stokes vector removes the cross-talk arised due to properties
of the polarimeter components.

In the thesis, spectropolarimetric observations of various active regions ob-
tained with the imaging spectropolarimeter for MAST are also presented. For
verification, we have made comparison of line-of-sight observations of a selected
active region obtained from the Helioseismic Magnetic Imager (HMI) onboard the
Solar Dynamics Observatory (SDO) with that obtained from observations in the
spectral line 6173 A from MAST telescope. We found good agreement between
both the line-of-sight observations, considering the fact that MAST observations
are limited by atmospheric seeing.

It is important to note that MAST is a nine mirror system with two off-
axis parabolic and seven plane oblique mirrors, the oblique reflections of these
marrors complicate the measurement as the instrumental polarization corrupts
the incoming radiation. The polarization induced due to mirrors of telescope is
linear. In order to get the vector magnetic field Stokes @), and U profiles need to

corrected using telescope matrixz. We have planned to obtain the telescope matrix



both theoretically and experimentally. The thesis is concluded with a discussion
on the ongoing experiment for the determination of telescope matrix using sheet

polarizer.
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Chapter 1

Introduction

The Sun is our nearest star of which, high spatial resolution imaging is done
routinely using various ground and space based telescopes. These contempo-
rary observations have unmasked the dynamic nature of the Sun (Bhatnagar and
Livingston 2005). A detailed study is important because solar eruptive events:
flares and coronal mass ejections (CMEs) along with solar wind, solar energetic
particles (SEPs) and radiations (at multi-wavelengths) influence the Earth and
other planets of the solar system—the whole heliosphere. The totality of this
influence at the near-Earth space can be nomenclatured as space-weather, which
not only is an interesting stand alone physical problem, but also has economic
consequences and importance in human safety. For example, many critical tech-
nologies upon which society has become increasingly dependent are vulnerable to
space-weather events. Such events can damage Earth-orbiting satellites, disrupt
communications and GPS networks, disable power grids; and pose health hazards
to astronauts and airline passengers on polar routes. The underlying physics of
space-weather events are of solar origin and yet to be fully understood. What
triggers flares and CMEs, why the solar corona is at million degree kelvin, how
the solar wind is accelerated are few such open questions (Tomczyk et al. 2016,
and references therein). As per the growing consensus, all the above processes are

intricately linked to the magnetic field of the Sun and its evolution. To further



2 Chapter 1. Introduction

highlight importance of the magnetic field, in the following, a brief description of
the Sun’s structure is presented with focus on different solar features of magnetic

origin.

1.1 Structure of the Sun

The Sun is a main sequence star of spectral type G2V with mass M ~1.98x 103"
kg, luminosity La3.84x10%® W and radius R ~6.96x 10® m (Lang (2006), p. 24).
The mass of the Sun is about 99% of the total mass of the solar system. Similar
to other stars, the Sun was born from the gravitational collapse of a molecular
cloud approximately around 4.6x10° years ago, and now is currently in a state
of hydrostatic equilibrium. It is predicted that the Sun will enter in a red giant
phase in another & 5 billion years before ending its life as a white dwarf (Foukal
2004).

Based on different parameters and prevailing physics, the Sun can be layered
into different zones made of plasma (Bhatnagar and Livingston 2005). Overall,
the Sun can be divided into two regions (interior and atmosphere), documented

below in detail.

1.1.1 Interior of the Sun

The modern picture of the internal structure of the Sun has been built up over
time. The three most important contributions to this have been the standard
solar model (SSM; Bahcall et al. (1982)), helioseismology (Leibacher et al. 1985),
and solar neutrino observations (Bahcall 2001). As the interior of the Sun cannot
be directly observed, its structure is modeled and then compared to the ob-
served properties by iteratively changing the model parameters, until they match
with the observations. The SSM is essentially several differential equations, con-
strained by boundary conditions on mass, radius and luminosity of the Sun.

Generally, the methods of helioseismology probe the solar interior by studying
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different modes of sound wave (Leighton et al. (1962); Ulrich (1970)).

The interior of the Sun includes the core, the radiation zone and the convection
zone (see Figure 1.1). The core extends out to about 0.25 R from the center,
having a temperature of about 1.5x107 K and has a density ~ 1.5x10° kg m~3
(Lang (2006)). The core energizes via the process of pp-chain reaction which
results in formation of Helium and releases energy in the form of gamma ray
photons. Outside the core is the radiative zone which extends out from 0.25 R to
0.70 R. The gamma photons produced in the core are absorbed and re-emitted
repeatedly by nuclei in the radiative zone, with the re-emitted photons having
successively lower energies and longer wavelengths. The temperature drops from
about 7x10% K at the bottom of the radiative zone to 2x10° K just at the
top. Because of large mass density (~ 2x10* kg m™3) of the radiative zone,
the mean free path of photons is very small (= 9.0x1072 cm) and the photons
take approximately tens to hundreds of thousands of years to travel up to the
photosphere, the visible surface of the Sun (Mitalas and Sills 1992). Hence, if the
pp-chain reaction at the core suddenly stops, the Sun will continue to shine for

an additional million years or more.

Above the radiative zone is the convective zone extending from about 0.70
R to 1 R at the surface of the Sun. At =~ 0.7R, helioseismology shows the
sound speed and density profiles to have a distinct sudden bump and the layer
is called the tachocline (Spiegel and Zahn 1992). The convection zone rotates
differentially and temperature in this zone decreases very rapidly with height,
becoming approximately 5700 K at the outer boundary. The energy is transported
by convection. Hot regions at the bottom of this layer become buoyant and rise,
cooler material from the above descends; creating giant convective cells which can
be seen as granules on the photosphere. The plasma at this zone is magnetized
and, in presence of magnetic field the space is known to get separated into two
types of regions. In one types, magnetic field is excluded and vigorous convection

takes place. In other regions, magnetic field gets concentrated in the form of flux-



4 Chapter 1. Introduction

tubes which are essentially made of magnetic field lines, and the tension of the
lines suppresses convection in those regions. Importantly, the flux-tubes rise up
because of magnetic buoyancy and pops out of the photosphere creating bipolar
sunspots. A co-located cluster of such sunspots constitutes an active region (AR)
and the corresponding magnetic field lines traverses through the solar atmosphere
before terminating in opposite polarity regions on the photosphere. This large

scale magnetic field is important for many solar activities.

Prominence
Convective

Photosphe

Figure 1.1: Figure shows the complete structure of Sun: the solar interior, features
at the surface and the atmosphere of the sun. This is adopted from the website
of NASA ‘www.thesuntoday.org’.
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1.1.2 Atmosphere of the Sun

Based on the density, temperature, and composition; the atmosphere of the Sun is
subdivided into three regions: the photosphere, chromosphere and corona. The
density of the plasma generally decreases from the photosphere to the corona.
However, the temperature decreases before reaching a minimum at the base of
the chromosphere, then slowly increases until there is a rapid increase at the

transition region which continues into the corona (Figure 1.2).
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Figure 1.2: The temperature of the solar atmosphere decreases from~ 5700 K at
the visible photosphere to a minimum value of~ 4,400 K about 500 km higher up.
The temperature increases with height, slowly at first, then extremely rapidly in
the narrow transition region (less than 100 km thick, between the chromosphere
and corona) from =~ 10,000 K to about one million K. (Courtesy of Eugene Avrett,
Smithsonian Astrophysical Observatory, Lang (2006), p. 115)

The solar corona extends millions of kilometers into space and is naturally
visible during a total solar eclipse. The three components of the corona (i.e. K-
corona, F-corona, and E-corona) are described based on the nature of radiation

emitted by them. The K-corona dominates between 1.03 R -2.5 R. From this
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region, the emitted scattered light from the coronal plasma shows the continuous
spectrum of the photosphere with no Fraunhofer lines and is found to be strongly
polarised. The F-corona dominates beyond 2.5 R displays the solar spectrum with
Fraunhofer lines superimposed on the continuum. The outer part of the F-corona
is observed to merge into the zodiacal light. The E-corona is due to spectral
line emission from visible to EUV by several atoms and ions in the inner part of
the corona, containing many forbidden line transitions. The corona is tenuous
with particle density ~ 10° to 10® cm™3 whereas the same for the chromosphere
and the photosphere are in the ranges 10'° to 102 ecm™3 and of 10%¢ to 107
cm 3 respectively(Golub and Pasachoff (2009), ch. 1). Importantly, the corona
is magnetized with an ambient field of 10 to 20 Gauss.

Presently, the chromosphere and corona are observed mostly by space based
telescopes at wavelengths ranging from Extreme Ultraviolet to X-rays (Wiegel-
mann et al. 2015; van Driel-Gesztelyi and Green 2015). However, there are num-
ber of ground based telescopes which provide observations of photosphere and
chromosphere in visible and infrared wavelengths. The Multi-Application So-
lar Telescope (MAST) at Udaipur Solar Observatory (USO) is one such ground
based instrument which provides simultaneous observations of the photosphere
and chromosphere with a FOV limited to 3 arc-min (Figure 1.3). Also, Figure 1.4
shows the full-disk image of the chromosphere in H-alpha (6563 A), constructed
using MAST observations. The atmospheric magnetic field plays a crucial role in

different solar activities which are described in the following sub-section.

1.2 Solar Active Regions

In its modern definition, ARs are the totality of observable phenomena in a 3D
volume represented by the extension of the magnetic field from the photosphere
to the corona (van Driel-Gesztelyi and Green 2015). The simplest ARs have

bipolar magnetic field configurations. More complex ARs may develop by emer-
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Figure 1.3: Photospheric (left) and chromospheric (right) images taken in G-
band (4305 A) and H-alpha (6563 A) wavelengths. The images are of active
region NOAA# 12356, taken on 04 June 2015, 05:13UT with MAST. The field
of view is around 3 arc-min.

gence of several bipoles in close succession within a limited photospheric region.
The strong magnetic field in the photosphere is manifested in the form of dark
sunspots (see Figure 1.5) or pores, whereas the bright faculae are weak and rela-
tively dispersed magnetic field regions (e.g. Solanki (2003), Borrero and Ichimoto
(2011), Stix (2004)). In the chromosphere, arch filament systems connect oppo-
site magnetic polarities. The filaments form along the polarity inversion line and
the bright regions that appear above the dispersed fields are called plages (see
Figure 1.4). In the transition region and corona; bright, hot, dense loops connect
the opposite magnetic polarities. ARs are the principal source of a broad range
of solar activity phenomena, ranging from small-scale brightening and jets to so-
lar flares and CMEs. Evolutionary stage of an AR decides the level and type of
the solar activity—being highest during the formation phase. Presumably, Ac-
tive regions do not evolve in isolation. For instance, an AR may emerge into a
pre-existing magnetic environment formed by previous active regions. The inter-
actions of the old and new magnetic field lines contribute to the overall evolution.

Moreover, field lines from an AR may interact with the open field lines of coronal
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Figure 1.4: Ha full disk image constructed from a sequential mosaic of 293 images
taken by MAST on 19th May, 2015.

holes and affect its evolution. Consequently a plausibility is, the large-scale solar
magnetic field is determined by the superposed growth and subsequent diffu-
sion of all previously occurring ARs along with their magnetic morphologies and
topological complexities. To introspect, formation and morphology/complexity
of ARs are crucial to govern the dynamics of large scale magnetic field lines which
ultimately lead to different solar transients and space weather effects. It is then

imperative to measure the AR magnetic field.
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Figure 1.5: One example for the magnetic field measurement carried out at
Fe I 6173 A line. The measurement is carried out on October 24, 2015, of
AR#NOAA12436. The right image shows one of the Stokes I images taken in
the line continuum and the right image is for Stokes V around 30 mA from the
line center.

1.3 Measurement of Active Region Magnetic Fields

The Zeeman effect (Zeeman 1897) (discussed in section 1.3.1), has been recognized
as the most authentic tool for more than a century to derive the magnetic field
of sunspots and pores in the photosphere (Stenflo 2015, and references therein).
With the advancement of instrumentation capabilities, one can now measure the
Zeeman signals of all kind of magnetic structures (active regions or small-scale
structure) present in the photosphere as well as in the chromosphere (Solanki
2003; Stenflo 2015). For example, active regions in the photosphere generally
have fields up to ~ 3000 Gauss (Stix 2004) whereas the field strength of active
regions in chromosphere is up to the order of hundreds of Gauss (Durrant 1988).
However the coronal magnetic field being weak (= 20 Gauss), the Zeeman effect
becomes insensitive. Therefore, we rely on the Hanle effect (Hanle 1924) for
coronal magnetic field measurements. In special cases, both these effects can be
combined to have magnetic field measurements in different atmospheric layers of
the Sun (Lagg et al. 2015). The standard is to measure polarization state induced
by either Zeeman or Hanle effect in the magnetically sensitive spectral lines of the

incoming light. The following subsection discusses both these effects in details.
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1.3.1 Zeeman Effect

In the presence of magnetic field, a magnetically sensitive (Landé g-factor (g) #
0) spectral line widens or splits (depending on the field strength) into different
polarized components. This phenomenon is known as Zeeman effect (Zeeman
1897). The polarization of the splitted components of the spectral lines depends
on the magnitude and direction of the magnetic field vector. The basic principle
of this effect is splitting of the atomic energy levels due to a precession of atoms
around the magnetic field as shown in Figure 1.6. In the absence of magnetic
field, the energy of atomic levels depends only on the total angular momentum
(J) but when magnetic field is present it also depends on M, the component of
J parallel to the magnetic vector B (—=J < M; <J). The energy of each level can

be written as

EJ,M :EJ+MOQMJB (1.1)

Where g is Landé-g factor and g is Bohr magneton. Important for observations
is the consequent splitting of spectral lines formed between two such levels into
three groups of lines according to the selection rule A M ;= 0,41. Here A M ;=0
corresponds to m component and A M;= + 1 corresponds to o components (see

Figure 1.6).

Notably, for complete Zeeman splitting the magnetic field must be more than
1500 Gauss, else the line only broadens. With additional thermal and Doppler
broadening, for lesser magnetic field, the broadening due to the Zeeman effect
may get masked. Further, the influence of magnetic field on observed profile may
also be substantially reduced if the magnetic features are not spatially resolved.
On the contrary, the polarization signatures of the Zeeman components ¢ and
7 are unaffected by the Doppler and thermal broadening and hence, typically
are used to measure the magnetic field. Importantly, the state of polarization

depends on the direction of the magnetic field with respect to the observer.
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Figure 1.6: Scheme of energy levels for a Zeeman triplet: one un-shifted 7 com-
ponent (green) and two shifted o components (blue and red).
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Figure 1.7: Pictorial representation of longitudinal Zeeman effect.

e When magnetic vector is parallel to the line-of-sight (LOS) i.e., for lon-
gitudinal field, no m component is visible only the two ¢ -components are
oppositely circularly polarised. This is known as longitudinal Zeeman effect

as described in Figure 1.7.

e For a transverse field the m component is linearly polarised and parallel to
B, while the o components are linearly polarised and perpendicular to B.

This is known as transverse Zeeman effect as shown in Figure 1.8.

e For an arbitrary angle between B and LOS the light is in general elliptically
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Figure 1.8: Pictorial representation of transverse Zeeman effect.

polarised.

1.3.2 Polarization by Scattering: Hanle Effect

Polarization does not necessarily require a magnetic field in the region where the
light originates. Polarized radiation is also produced by scattering. For example,
the blue sky is polarized due to Rayleigh scattering of air molecules. A necessary
condition for polarization due to scattering is the anisotropic illumination of the
scattering particles. A different class of polarization effects, due to coherent
scattering can also be used for magnetic field diagnostics. Certain lines in the solar
spectrum become polarized when they are partly formed by coherent scattering.
Polarization through scattering in the solar atmosphere is always linear with
Q/I of order 1073 or smaller. In the presence of magnetic field the precession
of the atoms induces a modification, called the Hanle effect, of this scattering
polarization. The Hanle effect causes a decrease in the scattering polarization
and a rotation of the plane of polarization, and occurs when a magnetic field is
present in the observed part of the atmosphere (Hanle 1924). This effect was
first investigated by Hanle (1924) in the context of resonant fluorescence. Even
a weak magnetic field may lead to depolarization via the Hanle effect, and there

is no cancellation of the contributions of unresolved magnetic dipoles such as
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that occurs with the circular polarization caused by the Zeeman effect. With the
availability of high-precision imaging Stokes polarimeters it has become possible
to make use of the Hanle effect as a new tool for magnetic-field diagnostics across
the solar disk. The Hanle effect is sensitive to magnetic fields in a different
parameter regime as compared with the Zeeman effect, in particular to weak
fields, turbulent fields, and chromospheric fields. The Hanle and Zeeman effect
compliment each other, since the Hanle effect is sensitive to a different magnetic
field regime (weak fields and the fields of mixed polarities) as compared with the
ordinary Zeeman effect.

For a complete understanding of the Zeeman and Hanle effect applied to the Sun,
readers are referred to the book by Stenflo (1994) and (Stix 2004). This thesis

deals only with the measurement of magnetic field using Zeeman effect.

1.3.3 Polarization Measurement

Light can be described as a transverse wave, with an electric and magnetic field
oscillating in planes perpendicular to each other and to the propagation direction.
The Stokes parameters are a set of values that describe the polarization states of
the electromagnetic radiation. The mathematical formulation of these parameters
was developed by G.G. Stokes in 1852 (Chandrasekhar 1960; Born and Wolf 1999).
The Stokes representation has an advantage that the parameters being intensities,
are directly measurable and encompasses all states of polarised light. The four
Stokes parameters are I, Q, U, V; where I is the total intensity (i.e. the sum of
polarised and the unpolarised fractions of the light), Q and U represent linearly
polarized light and V represents the circularly polarized light. The parameters

are expressed as

ro| =

(1.2)
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Q = Lin(x = 0) = Lunlx = ), (1.3)
T 3T

U=Ii(x= Z) — Lin(x = Z), (1.4)

V' = Lre(right) — Lirc(left). (1.5)

where

Ljin(x) refers to linearly polarised radiation whose electric vector makes an
angle y to some reference direction.

I.ir. refers to circularly polarized light.

If the light is completely polarized, then the 4 Stokes parameters are no longer

independent of each other:

PP=Q*+U*+ V2 (1.6)

If light is completely unpolarised then Q=U=V=0 and I=1.

If light is partially polarised then degree of polarisation is defined as:

Q?+ U+ V2
P:\/T (1.7)

Usually, Stokes parameters are arranged in a column vector known as the

Stokes vector.

I1=[1,Q,U,V]"

The vector I is constructed by utilizing a polarimeter consisting of one or more
retarder and a linear polarizer. In the Figure 1.9 a schematic is shown for mea-
suring the Stokes parameters where the two retarders are variable retarders but
not rotating retarders, and this configuration is one particular example of po-

larimeter that is adopted in this work. We see that Q and V can be measured
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Figure 1.9: Schematic representation of the polarization measurement using two
variable retarders (R1 and R2) (not rotating retarders) and a linear polarizer (LP)
and this configuration is one particular example of polarimeter that is adopted
in this work.

with a variable retarder and a polarizer. However, for measuring U we need
two variable retarders along with a linear polarizer. Therefore for Stokes vector
measurement, one uses two variable retarders and a linear polarizer in the po-
larimeter, as shown in Figure 1.10. But with a rotating wave plate, i.e. with
a single retarder, all four Stokes parameters can be measured. However, this
single rotating retarder scheme takes much longer time to complete one cycle in
comparison to a polarimeter which employs variable retarders.

The measured Stokes vector could be used for retrieving various parameters of
the solar atmosphere by solving radiative transfer equation (RTE) for polarized

light which is discussed in a latter section.

1.3.4 Mueller Matrix

If the light is represented by Stokes vector then the optical components used
for measuring the polarization state of light are described by Mueller matrices.
Any optical system used to measure the polarization state of the light can be

represented by a 4x4 matrix called Mueller matrix (Collett 1992). The output
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Figure 1.10: Schematic layout of the polarimeter with two variable retarders and
a polarizer.

and the input stokes vectors are related through the Mueller matrix as,
Iout =M Im
where M is the Mueller Matrix.

If an optical system has a train of optical elements, say 1,2,3,.....,n; with the
first element close to an input source, the overall Mueller matrix of the optical

system can be constructed by multiplying in order, i.e.,
M= M,M, ;........ My My

M is the combined Mueller matrix & My, M,...... , M, are the Mueller matri-
ces of the optical elements 1,2,.....n respectively. Mueller calculation makes the
calibration of the optical system much easier for polarization measurement. To

calibrate any optical system, the combined Mueller matrix need to be calculated.

The Mueller matrix of a retarder (Mpg) basically depends on the retardation

(0) and the fast axis orientation (@), which can be expressed as follows.
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1 0 0 0
0 c0s?20 + sin?20cosd  sin20cos20(1 — cosd) —sin20sind

Mg(6,6) =
0 sin20cos20(1 — cosd)  sin?20 + cos?20cosd  cos20sind
0 sin20sind —c0s20sind cosd
(1.8)
The Mueller matrix of a linear polarizer (Mpp) is given as
1 cos20 sin20 0
1 | cos260 cos*26 sin260cos260 0
MLP<9) - = (19)
sin20 sin20cos20  sin?20 0
0 0 0 0

where 6 is the orientation angle of the polarizer.

1.3.5 Radiative Transfer Equation and Milne-Eddington

Atmosphere

A typical Radiative Transfer equation (RTE) (Chandrasekhar 1960; Landolfi and

Landi Degl'Innocenti 1982) can be expressed in the following form,

dI
T =K(@I-5) (1.10)

where, I = [I, Q, U, V]* represents the Stokes vector, 7 stands for the continuum
optical depth, S for the Source function vector, and K represents the 4 x 4
propagation matrix. All the medium properties relevant to line formation are
contained in K and S. Under local thermodynamic equilibrium (LTE) conditions,
source function becomes S = [By(T), 0,0, 0|7, where B,(T') is the Planck function

at local temperature T.
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The propagation matrix K is given by (Unno and Kato 1962)

nro nQ nu ny
K — No M pPv. —Pu (1.11)
Nu —pv N1 —pPQ

v pPu  —pPQ "Nv

where
n = 1+ %{%52'7129 + %[@, + ¢, ](1 + cos*0)}
Mo = {6, I+ ol)sinbcosp
wo= B{o, — Slov+ onlbsin0sin2g (1.12)
w = Plo - g
and
_TNo 1 .2
pa = 5 = 5le + ¥r]}sin®fcos2y
pu = %{1/11) - %[@Db + ,] }sin®0sin2¢p (1.13)
v = Bl ot

Here ¢, and 1,;, are the absorption and dispersion profiles respectively,
the p, b, r indices stand for the central, red-wing, and blue-wing components of
a Zeeman triplet respectively, and 7 is the ratio between the line and continuum
absorption coefficients respectively. @ is the inclination angle of the magnetic field
vector with respect to the propagation direction and ¢ is the azimuth angle of

magnetic field B with respect to Stokes Q positive direction.

The RTE can be solved analytically by assuming the Milne-Eddington (ME)
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model atmosphere. A ME atmosphere can be described by a set of parameters
which contains the magnetic and thermodynamic quantities (Del Toro Iniesta
2003, and references therein). It assumes that all the atmospheric quantities
are constant with depth except for the source function that varies linearly with

height.

S =S80+ S; = (S + 97)[1,0,0,0/" (1.14)

The analytical solution of radiative transfer equation under ME atmosphere is

known as Unno-Rachkovsky solution and is given by

I = So+SiA(L+n)((L+n0)?+ pb + ph + p)]

Q = =SIA+n)ng+ A +nr)(nver —nupv) + po(Mopo + nupy + nvev)]
U = —SiAT(1+n0)’n0 + (L+n1)(nopv — nvpe) + pu(nape + nupy + nvpv)]
Vo= —SIATH( 4 )y + pv(nopqg +nupu + nvoev)]
where,

A = (1+n0)*[(14+01)* —ng—nt—nv+po— P — Pyl — (nepo+nupu+nvev)® (1.15)

These solutions are functions of line-to-absorption coefficient ratio 1y, the Doppler
width of the line AXp, the central wavelength of the line A\, the damping param-
eter a, and the three components (B,0,¢) of the magnetic field. Hence, the whole
model is specified by these seven parameters plus the two parameters describing
the source function, Sy and S;. The synthetic profiles of the Stokes parameters
are shown in Figure 1.11 for different values of magnetic field strength when other

parameters are constant.
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Figure 1.11: Analytical Stokes profiles of a Zeeman triplet of Fe I 6173 A in a
Milne-Eddington atmosphere for different magnetic fields when other parameters
are constant.

1.4 Objective and overview of the thesis

The solar activity is an immediate consequence of solar magnetic field. Majority
of the eruptive events, solar flares and CMEs, occur in the regions of strong and
complex ARs. The magnetic field lines in the solar atmosphere are continuously
shuffled by the convective motion at the photosphere, resulting in a build up
of stresses in the field lines. The stored magnetic energy of this stressed field
eventually releases into kinetic energy and heat via the process of magnetic re-
connection, which is believed to be responsible for various eruptive phenomena.
An understanding of the underlying physics requires a quantitative measurement
of AR magnetic fields, especially at photosphere and chromosphere, and LOS
velocity—which is the aim of the thesis. A cadence of more than one minute
is sufficient to study the evolution of active regions and energy build-up due to
the foot point motions (Wiegelmann and Sakurai 2012; Rempel and Schlichen-
maier 2011, and references therein). Magnetogram (by tuning the filter to a

single wavelength position) can be obtained with a cadence of 10 seconds, which
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could be used for studying the magnetic field evolution of small scale moving
magnetic features seen around the sunspot. A six wavelength step scan, which
takes around 50 seconds can reproduce the line profile as seen in SDO/HMI is
suitable for the vector magnetic field retrieval, as long as the horizontal speed of
the moving feature is below 3 kms™ (Ma et al. 2015, and references therein). In
order to achieve this, we have developed an imaging based spectro-polarimeter as
a back-end instrument of MAST for simultaneous measurement of magnetic field
in the photosphere and chromosphere. The thesis is organized in six chapters.

The overview of the thesis is provided below.

In chapter 2, we have given a brief description of MAST) its scientific goals,
and its back-end instruments. Particularly, we provide a detailed description of
the newly developed imaging spectropolarimeter for MAST. Imaging spectropo-
larimeter consists of a narrow-band imager and a polarimeter which is used for
measuring the Stokes vector at two different wavelengths i.e. at 6173 A and 8542
A, respectively. The narrow-band imager is designed using two z-cut Lithium Nio-
bate (LiNbOj3) Fabry-Perot etalons placed in tandem to provide a better spectral
resolution. The polarimeter consists of two Liquid Crystal Variable Retarders
(LCVRs) and a linear polarizer. In this chapter, we have also discussed the de-
sign of the polarimeter, different modulation schemes for the measurement of
Stokes parameters, and inversion techniques to retrieve the magnetic field from

the Stokes I, Q, U and V observations.

In chapter 3, we have described the experimental setup which has been used
for characterizing the polarimeter components. The main component of the po-
larimeter is LCVR made of nematic liquid crystals. We studied the effect of vari-
ous parameters on the retardance of the LCVR. We derived voltages required for
the corresponding retardance used in the modulation schemes by characterizing
all the LCVRs in a laboratory setup. We also discussed the effect of temperature
on the retardance of LCVR and the effect of voltage on the orientation of the

fast axis of the LCVR. Relevantly the accurate determination of retardance of
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LCVRs is very important for sensitive Stokes polarimetry.

In chapter 4, we have discussed about the efficiency and sensitivity of the
polarimeter. In this regard, we have estimated the exposure time and the num-
ber of polarization measurements needed for the required polarimetric accuracy.
We also analyzed several factors which contribute to the polarimetric accuracy.
We have used two separate polarimeters for the photospheric and chromospheric
measurements at two different wavelength 6173 A and 8542 A. The response ma-
trices were experimentally determined in the lab for both the polarimeters and
correspondingly modulation schemes (involving four and six measurements). As
the optical set-up in the imaging spectropolarimeter differs from the lab set-up,
we installed a calibration unit with the spectropolarimeter setup for intermit-
tent calibration of the polarimeter. The obtained new response matrix is also

presented in this chapter.

In chapter 5, we have presented the spectropolarimetric observations taken
with the imaging spectropolarimeter. After interfacing the polarimeter with the
imager, we obtained observations in Fe I 6173 line by operating the polarimeter
in longitudinal and vector mode. We also carried out a comparison of our results
obtained from preliminary observations with the magnetograms availed from He-
lioseismic Magnetic Imager (HMI) instrument onboard the Solar Dynamics Ob-
servatory (SDO). Qualitatively, the two observations match well, considering the
fact that MAST observations are limited by seeing. After analyzing the prelim-
inary observations, we have carried out a re-tuning of the etalons to optimally
cover the continuum at blue and red side of the spectral line. On 16 April, 2016,
the Stokes V scan was carried out after the re-tuning of the FP filters. Another
observation of a small pore and internetwork region in the active region NOAA
AR 12648 taken under moderate seeing on 07 April 2017 is also discussed. After
the dark and flat field correction the Stokes I and V profiles have been inverted us-
ing SPIN code. We also present the circular polarization measurements obtained

in the chromospheric Call 8542 A line. We have also operated the polarimeter



1.4. Objective and overview of the thesis 23

in vector mode and preliminary observations of all the Stokes parameters are

presented in this chapter.

In chapter 6, summary and conclusions of the thesis are presented. We also

discuss the future work in this chapter.






Chapter 2

Spectropolarimeter for Multi

Application Solar Telescope

2.1 Introduction

The Multi-Application Solar Telescope (MAST) (Denis et al. 2008, 2010; Mathew
2009) is a 50 cm off-axis Gregorian telescope that has recently become operational
at the Udaipur Solar Observatory (USO), India. The telescope is designed to
provide near diffraction limited observations with adaptive optics system. The

major science goals that can be addressed using MAST are as follows:

e High-angular resolution observations of the Sun in different wavelengths
to understand the properties of small-scale magnetic and velocity fields in
addition to the dynamics of small-scale intensity features in the photosphere

and chromosphere.

e Simultaneous measurement of magnetic and velocity fields of photosphere
and chromosphere to understand the solar activities using spectropolari-

metric observations in 6173 A and 8542 A.

e Understanding the topology and evolution of emerging flux regions which

25



26 Chapter 2. Spectropolarimeter for Multi Application Solar Telescope

lead to flares and CMEs.

e Explaining the magnetic and velocity structure of sunspots and small scale
features such as pores in the photosphere and the chromosphere, decay of

sunspots and their relation to moving magnetic features.

2.1.1 Brief Description of MAST

The telescope is designed and developed by Advanced Mechanical Optical Sys-
tems (AMOS), Belgium. The optical layout of the telescope is shown in Figure
2.1. The telescope has an off-axis Gregorian design with 50 cm aperture. The
primary mirror (M1) is made of Zerodur and has a focal length of 2 m. The
field selector placed at prime focus allows 3 arc-min FOV to pass through the
remaining optics. The secondary mirror (M2) placed close to the field stop colli-
mates the light. The Coude train, which consists of three mirrors (M3, M4 and
M5), sends the beam vertically down to the observing floor. The telescope is
placed on an alt-azimuth mount and thus causes image rotation. The beam is
sent through an image derotator (M6, M7 and M8) before reaching the folding
mirror M9. From M9 the collimated beam is send to the back-end instruments
in the observing floor.

The secondary support structure is not in the path of the incoming sunlight
for an off-axis design thereby avoiding any light scattered from the secondary
support structure from reaching the M1. An increased collecting area is available
compared with the same size on-axis telescope since there is no central obscura-
tion on the primary mirror. Another advantage is the availability of the full pupil
plane image for adaptive-optics wavefront sensing. A more detailed discussion
on the advantages of off-axis design can be found in Kuhn and Hawley (1999).
A stiff central structure connects the altitude shafts of the alt-azimuth mount.
M1 is placed on this structure (see Figure 2.2). A reinforced strut structure

keeps the M2 connected to the central structure. M2 is mounted on a hexapod
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Figure 2.1:

M6, M7, M8

M9

Optical design of the Multi-Application Solar Telescope (MAST).
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Figure 2.2: Mechanical design of Multi-Application Solar Telescope.



2.2. Back-end Instruments of MAST 29

which has correcting capabilities for tilt, centering and translation. The altitude
and azimuth drives are controlled by a Delta Tau programmable multi-axis con-
troller’ (PMAC) with a dedicated Telescope Control Software (TCS). A closed
loop tracking accuracy of 0.1 arcsec for an hour and a differential tracking accu-
racy of 0.5 arcsec are expected for the drive system. The thermal design of the
telescope is aimed at reducing the solar flux falling on the opto-mechanical com-
ponents in order to avoid any differential expansion of the support structure. The
temperature of the optical and opto-mechanical components are also controlled
to minimize the difference with the ambient temperature and mitigates the see-
ing degradation. The thermal control is achieved by several ways. A sunshield,
moving with the telescope, and allowing only the primary mirror to receive the
sunlight, shades the mechanical components of the telescope structure from direct
sunlight. The mirror M1 is thermally controlled by means of two conduits of air
flows with controlled temperatures. This keeps the primary mirror within +1°C
of the ambient. Heating or cooling of the main telescope elements is also carried

out to keep the temperature as close to the ambient as possible.

2.2 Back-end Instruments of MAST

In order to use the full capability of the 50 cm telescope we are integrating various
back-end instruments with the telescope. The following back-end instruments

were developed at USO to accomplish the stated science goals of MAST:

1. G-band imager: This instrument is used to regularly observe the photo-
sphere with a temporal resolution of 10 images per second. It consists of
broadband interference filter centered at 4302 A with passband of 10 A and
a 1376x1040 PCO sensicam’™™ CCD (Figure 2.3).

2. H-alpha imager: This instrument is used to regularly observe the chro-

Thttps://www.deltatau.com
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Figure 2.3: Schematic optical setup for the G-band imager and H-alpha imager
with MAST.

mosphere with a temporal resolution of 5 images per second. It consists of
narrow-band Halle filter centered at 6563 A with passband of 500 mA and
a 1024x1024 Photon Max™™ CCD (Figure 2.3).

3. Adaptive Optics (AO): In order to have diffraction limited images from
the telescope an adaptive optics system is installed with MAST for the
seeing compensation. A two stage correction will be carried out; a tip-tilt
mirror for the global tilt (first order) correction and a membrane mirror
with 37 actuators for the higher order corrections. The adaptive optics
system could potentially provide seeing corrected diffraction limited images

for a FOV of around 15 arc-secs (Figure 2.4).

4. Narrow-band imager: This instrument is used for the photospheric and
chromospheric observations at wavelengths Fe I 6173 A and Ca II 8542
A respectively. It consists of a blocking filter and two voltage tuneable
Lithium Niobate (LiNbOj) Fabry-Perot etalons in tandem (Figure 2.4).
More details about this instrument is discussed in Raja Bayanna et al.

(2014) and Mathew et al. (2017).

5. Polarimeter: For the measurements of solar magnetic fields, a polarimeter

is integrated along with the narrow-band imager. Polarimeter, consists of
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Figure 2.4: Schematic of the optical setup for the narrow band imager, adaptive
optics, and polarimeter integrated with MAST.

two liquid-crystal variable retarders and a linear polarizer, is used for the
measurements of Stokes parameters for two wavelengths 6173 A and 8542

A (Figure 2.4). The details of the polarimeter is presented in Section 2.4.

6. Multi-slit spectropolarimeter: It is a scanning, Echelle, Littrow multi-
slit spectrograph, with five slits suitably separated to cover around 4 A
spectral range. The spectral range includes the two Fe I lines around 6302
A. The inclusion of the multi-slit improves the scanning speed by five times

compared with single slit spectrograph.

2.3 Solar Spectropolarimetry

As discussed in chapter 1, light gets polarized and depolarized in the presence
of magnetic field. The polarization of light is described in terms of the Stokes
parameters I, Q, U, and V (Chandrasekhar 1960; Born and Wolf 1999), where
I denotes the total intensity, Q and U represents the linear polarization and V
represents the circular polarization. The spectropolarimeter consists of a filter-

graph/spectrograph and a polarimeter, and is employed to derive the solar vector
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magnetic fields by measuring Stokes I, Q, U, and V. Generally, two different tech-
niques have been commonly used for spectral analysis: (1) imaging (filter) based
and (2) spectrograph (slit-based). For polarization analysis either single beam
polarimeter or dual-beam polarimeter is employed. In imaging based spectropo-
larimetry, 2D images are obtained in a sequence by tuning a narrow-band filter to
different wavelengths along the spectral line profile of interest. Modern imaging
spectropolarimeters employ either single or multiple Fabry-Perot (FP) etalons as
narrow-band filters because of their high transmission and fast tuning capability.

A few examples of the currently working imaging spectropolarimeters are:

e GREGOR Fabry-Perot instrument (GFPL; Denker et al. (2010), (Puschmann

2016, and references therein)),
e KIS/TAA Visible Imaging Polarimeter (VIP; Beck et al. (2010)),
e CRisp Imaging Spectro-Polarimeter (CRISP, Scharmer et al. (2008)),

e the Gottingen spectropolarimeter (Bendlin et al. 1992; Bello Gonzalez and
Kneer 2008),

e Interferometric Bldimensional Spectrometer (IBIS; Cavallini (2006)),
e Imaging Vector Magnetograph (IVM; Mickey et al. (1996)),

e Imaging Magnetograph eXperiment (IMaX; Martinez Pillet et al. (2011))

flown with the Sunrise balloon mission (Barthol et al. 2011).

These instruments differ in the number of etalons and the optical configuration
(telecentric or collimated).

Contrarily, slit-based spectropolarimeter obtains the spectrum for a given slit
position and scans over the required field-of-view (FOV) in sequence. Examples

of slit-based spectropolarimeters are:

e Diffraction Limited Spectro-Polarimeter (DLSP; Sankarasubramanian et al.

(2003)),
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e POlarimetric Littrow Spectrograph (POLIS; Beck et al. (2005)),

e Spectro-Polarimeter for Infrared and Optical Regions (SPINOR; Socas-Navarro
et al. (2006)),

e Spectropolarimeter of the Solar Optical Telescope (SOT) onboard the Hin-
ode (Ichimoto et al. (2008), Tsuneta et al. (2008)),

e Multi Slit Spectropolarimeter for MAST (MSSP, Mohankrishna et al., 2017).

Either of the above mentioned techniques are preferred based on the scientific
requirement. However, with the advances in the technology, both these techniques

yield similar results.

2.3.1 Imaging-based Spectropolarimetry with MAST

To accomplish the scientific objectives of MAST as discussed in Section 2.1, an
imaging spectropolarimeter has been developed. It consists of a narrow-band
imager and a polarimeter which are used to measure the Stokes vector at two
different wavelengths 6173 A and 8542 A: corresponding to photospheric and
chromospheric heights respectively. The criteria to select these spectral lines is
based on high Landé-g factor and absence of blends of molecular lines nearby the
core of spectral lines.

The narrow-band imager is designed using two z-cut Lithium Niobate (LiNbO3)
FabryPerot etalons placed in tandem to provide a better spectral resolution. The
wavelength characterization of the components of the narrow-band imager is de-
scribed in Raja Bayanna et al. (2014). The integration and test results of the
imager obtained with MAST is presented in Mathew et al. (2017). The full-width
at half maximum (FWHM) of the FP combination is ~ 95 mA at 6173 A with an
effective free-spectral range (FSR) of 6 A. A blocking filter of 2.5 A is introduced
to restrict the FP channel of the desired wavelength. We use only one etalon

with 175 mA FWHM for the Ca II 8542 A line. The polarimeter consists of two
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Figure 2.5: Schematic diagram of the imaging polarimeter for MAST. In this
setup a F/12 beam from the telescope is collimated using the lens L1. The
collimating beam passes through narrow-band imager consists of two Fabry-Perot
etalons (FP1 and FP2) and prefilter F1. Polarimeter consist of two LCVR and a
Glan-Thompson polarizer is kept in between the CCD and imaging lens (L2) in
the converging beam. The F-number of the converging beam is 18.

liquid crystal variable retarders (LCVRs) and a linear polarizer (Glan-Thompson
polarizer). More details about polarimeter will be discussed in the latter sec-
tions. The optical setup of the spectropolarimeter is shown in Figure 2.5. The
F-12 beam from the telescope was collimated using a lens (L1) of focal length
500 mm. The FPs were placed in this collimated beam in order to reduce the
wavelength shift produced by the finite incidence angle arising from the FOV.
The collimated output through the FPs was imaged using a lens (L2) of focal
length 750 mm, which provides a plate scale of 0.145 arcsec pixel ™! at the CCD
plane. The polarimeter was placed in this converging beam after the lens L2, to
accommodate the smaller Glan-Thompson polarizer. The acceptance angles of
the LCVRs are large enough to work with the resultant F-18 beam. Since the
z-cut etalons with a small incidence angle produce negligible polarization effects,
we did not separately consider the effect of the etalons in the polarization mea-
surements. The fast axes of the first and second LCVRs were kept at 0° and 45°
with respect to the polarization axis of the linear polarizer. The temperatures of

the LCVRs were kept at 28°C.
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2.4 Polarimeter for MAST

A polarimeter measures the polarization of the light by modulating the input
polarization into measurable intensities. In general, the polarization analysis can
be done in two ways (Del Toro Iniesta 2003, and references therein): (a) Tem-
poral polarization modulation/single beam polarimetry in which the different
polarization measurements are obtained sequentially. The time gap between the
measurements could introduce seeing related spurious signals in the difference
image (Lites (1987); Leka and Rangarajan (2001)). This can be minimized either
by compensating the atmospheric turbulence by adaptive optics or by implement-
ing a very fast modulation scheme, wherein one modulation cycle is completed
before atmospheric seeing changes completely, or by both. However, this imposes
stringent requirements on the polarization modulator. (b) Spatial polarization
modulation/Dual beam polarimetry (Lites 1987) in which the orthogonal polar-
ization states are separated by means of the polarizing beam splitter or displacer
and both the beams are recorded simultaneously. This cancels out the fluctua-
tions in the Stokes I to the other Stokes parameters caused due to atmospheric
seeing (Martinez Pillet et al. 2011). Since both the beams are used for final com-
putation of the Stokes parameters, this method improves signal-to-noise ratio
(S/N) by a factor of v/2 as compared to the single beam polarimetry. However,
different optical paths for the measurements of two polarization states might in-
troduce a systematic error; this puts a stringent requirement on the quality of
the two optical paths in the experimental setup. It also requires a larger area of

the detector to accommodate larger FOV.

Though the dual beam polarimetry is more advantageous than the single beam
polarimetry for small FOVs, we preferred to use single beam setup to perform the
polarization analysis over a larger FOV. The fast modulation scheme with Liquid
crystal variable retarders along with a matching fast camera readout, enable us

to complete the modulation cycle before the seeing changes significantly. We
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Figure 2.6: Schematic layout of the polarimeter for MAST. The fast axis of
LCVRI1 and LCVR2 are kept at 0° and 45° with respect to the linear polarizer.

plan to implement the dual beam spectropolarimetry with MAST at a later stage
with a suitable large format camera and a polarizing beam displacer to mitigate
seeing induced polarization effects which is necessary for weak magnetic fields

measurements and high resolution observation.

The main components of the MAST polarimeter are LCVRs for polarization
modulation and Glan-Thompson polarizer for analysis. Many of the modern po-
larization modulators use liquid crystals, in which retardance (as in nematic liquid
crystals) or fast axis (as in ferroelectric liquid crystals) can be changed by ap-
plying voltages (Heredero et al. 2007, and references therein). These modulators
allow us to implement fast modulation schemes by avoiding mechanical motions
and beam wobble as in the case of rotating retarders (Heredero et al. 2007). Two
sets of LCVRs along with a linear polarizer are used for obtaining the Stokes
parameters in MAST. LCVRs for MAST polarimeter are custom made nematic
liquid crystal devices with an aperture size of 80 mm, procured from Meadowlark
Optics, USA. Figure 2.6 shows the schematic of MAST polarimeter. The fast axis
of LCVR1 and LCVR2 are fixed at 0° and 45° with respect to the linear polarizer
(LP), respectively. Light from the telescope enters through the LCVRI1, passes
through the LCVR2 and exits from the LP. Both LCVRs and the LP are mounted
on rotatable mounts to make the adjustment for the angles. The photograph of
the installed system is shown in Figure 2.7. The temperature of the LCVRs is
actively controlled using flexible heaters fixed on the holder; a temperature sensor

in a closed loop provides a thermal stability of +1°C'.
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LCVR1 LCVR2 LP

Figure 2.7: Imaging polarimeter for MAST at USO. From left to right LCVRI,
LCVR2 and linear polarizer. The LCVR1 and LCVR2 are kept at 0° and 45°
with respect to the linear polarizer (LP), respectively.

The modulation voltages for the LCVRs are supplied from a Meadowlark dig-
ital interface. The amplitude of the basic 2 kHz square waveform can be adjusted
by an input DC voltage or counts provided from the software through a USB
computer interface. Modulation voltages in the range of 0 — 10 V with 16-bit ac-
curacy can be applied to the LCVRs through this interface. Computer programs
in C language have been written for the image acquisition to be synchronous with
the modulation voltages. The modulation scheme employed here is described in

the following subsection.

2.4.1 Modulation Schemes for the Measurement of Stokes

Parameters

As discussed in the previous section, the MAST polarimeter consists of two
LCVRs and a linear polarizer. The Stokes vector of input light (S;,) at LCVR1
and the Stokes vector of output light at LP (S, ), are related using Mueller-
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matrix formalism by the following equation:
Sout = MpMpeoa(y,02) Mpc1(9,01)Sim = MsSin (2.1)

where Mp, Mpc1(9,61), and Mpeoa(7,0s) are the Mueller matrices of the linear
polarizer, LCVR1 and LCVR2, respectively. The fast axis of LCVR1 and LCVR2
with respect to the transmission axis of the linear polarizer is represented by 6,
and 6y, respectively. The retardance of the LCVR1 and LCVR2 are given by §
and 7, respectively. Mg is the resultant Mueller matrix of the polarimeter for a
particular value of ¢, , 01, and 6,.

The intensity I, measured at CCD, can be expressed as a linear combination of
all the input Stokes parameters by using the Mueller matrix of the retarder and
polarizer in the Equation 2.1.

Ij:SO

out

= 15), + a;S;, + b;5%, + ¢; 5,

m)

(2.2)

where the parameters [1,a;,b;, ¢;] are the first row of Mg which depend on 6,
0o, 5, and 7. Here j runs over the number of observations (from 1 to ‘n’). From
Equation 2.2, we can measure n number of intensities for different combinations
of retardances and fast axis orientations of both the LCVRs. However, it is
always preferred to have a minimum number of intensity measurements to infer
all the Stokes parameters (del Toro Iniesta and Collados 2000). A minimum four
measurements (n > 4) are needed for vector polarimetry whereas longitudinal
polarimetry can be done with two measurements (n > 2) only. Therefore for n
intensity measurements, a modulation scheme is fully characterized by a (n x 4)

modulation matrix O built from the n first rows of Mg,

Imeas = OSzn (23)
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The Stokes vector is derived using the following Equation,
Sin = OilImeas = DImeas- (24)

If n= 4, then O is a 4 x 4 matrix so its inverse will be unique. But, if n = 6
then O is 6 x 4 matrix, which is not a square matrix, and its inverse will not
be unique. Hence, when D is not a square matrix, it is determined using the

following Equation (del Toro Iniesta and Collados 2000),
D = (070)'0". (2.5)
The efficiency of the modulation scheme is defined as,

e;=(ny Di)'2 (2.6)
j=1

where, ey, ey, e3, and ey are the efficiencies for measuring the Stokes parameter
I, Q, U, and V respectively.

For four measurement modulation scheme (n=4), the following equation applies:

I S9
L S
Lneas = -0 , (2.7)
Iy s2
I S8

where O is the modulation matrix given as,

1 aq b1 C1
1 ay by c

0= S (2.8)
1 as bg Cs3

1 ay b4 Cy
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Table 2.1: Four measurement modulation scheme (Martinez Pillet et al. 2004) for
vector polarimetry.
) 0 Measured Intensity
() () Lmeas
315.0 305.264 I,=I+Q/V3+U/V3+V/V/3
315.0 54736 L=I+Q/V3—U/V3—-V/\V/3
225.0 125.264 L=I—Q/V3-U/V3+V/V3
225.0 234.736 L=I - Q/V3+U/V3—V/V3

Table 2.2: Six measurement modulation scheme (Tomczyk et al. 2010) for vector
polarimetry.

) vy Measured Intensity
(o) (o) [meas

180.0 360.0 I1=1+Q

180.0 180.0 I, =1-Q

090.0 090.0 I3=1+U

090.0 2700 I,=1-U

180.0 090.0 Is=I1+YV

180.0 270.0 Ig=1-V

Orientation of the fast axis of LCVR1 and LCVR2 is fixed at 68; = 0°, and
0y = 45°, respectively (Martinez Pillet et al. 2004) for the polarimeter configura-
tion shown in Figure 2.6.

Four and six measurement modulation schemes are implemented for vector po-
larimetry at MAST using different combinations of retardances of LCVR1 and
LCVR2, i.e., § and v. The modulation schemes of four and six measurements are

listed in Table 2.1 and 2.2.
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O for the four measurement modulation scheme is given by,

1 057735 0.57735 0.57735
1 057735 -0.57735 -0.57735
1 -0.57735 -0.57735 0.57735
1 -0.57735 0.57735 -0.57735

For this modulation scheme, the maximum efficiencies are determined from Equa-
tions 2.5 and 2.6 as e; = 1, e; = 0.57735, e3 = 0.57735, and ey = 0.57735.
Similarly, the modulation matrix for six measurement modulation scheme can be

expressed as a 6 X 4 matrix,

1 1 0 O
1 -1 0 0
1 0 1 0
0= (2.10)
1 0 -1 0
1 0 0 1
1 0 0 -1

For this modulation scheme, the maximum efficiencies are determined as e; = 1,
e = 0.57735, e3 = 0.57735, and e; = 0.57735. These are the maximum efficien-
cies that an ideal polarimeter system can have (del Toro Iniesta and Collados
2000).

Both the modulation schemes provide equal modulation efficiencies for the mea-
surement of Q, U, and V (Del Toro Iniesta and Martinez Pillet 2012). Either
of these modulation schemes can be used for the measurement of all the Stokes
parameters in vector polarimetry. Measurement of all the Stokes parameters is
required to obtain the vector magnetic field, whereas the longitudinal magnetic

field can be obtained from Stokes I and V only.
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Table 2.3: Modulation scheme for longitudinal polarimetry
) y Measured Intensity
() ) Tmeas
360.0 90.0 L=I1-V
360.0 270.0 I,=I1+4+V

The modulation scheme for longitudinal polarimetry is listed in Table 2.3. The
relation between the incoming Stokes vector and measured Stokes vector is given
as (Beck et al. 2005),

Smeas = X.Sin, (2.11)

where X is the 4 x4 square matrix known as response matrix which includes all the
processes for polarimetric measurement such as properties of optical components,
modulation schemes and their demodulation (de Juan Ovelar et al. 2014; Beck

et al. 2005). Furthermore, X can be expressed as

X = DO. (2.12)

In the response matrix of an ideal polarimeter, the diagonal elements will be
unity and the off-diagonal elements will be zero. However, in practice off-diagonal
element of the response matrix will have non-zero values representing the cross-
talk between the Stokes parameters introduced due to several reasons (de Juan

Ovelar et al. 2014). All these factors are discussed in chapter 4.

2.5 Summary

Multi-Application Solar Telescope (MAST) is an off-axis Gregorian telescope of
50 cm clear aperture situated on an island in the Fateh Sagar lake at Udaipur

Solar Observatory (USO). An imaging based spectropolarimeter has been devel-
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oped at USO as a back-end instrument of MAST for measuring the magnetic and
velocity fields in the photosphere and chromosphere at two different heights. The
spectropolarimeter consists of a narrow-band imager and a polarimeter. Narrow-
band imager uses two lithium niobate Fabry-Perot etalons in tandem with a
blocking filter for spectral analysis. Polarimeter yields simultaneously the po-
larization state of light in two magnetically sensitive spectral lines at 6173 A
and 8542 A. The polarization measurement is performed with two LCVRs, which
modulates the incoming polarization. The modulated light is transformed into
a varying intensity by using a Glan-Thompson polarizer. These intensities can
be demodulated to obtain all the Stokes parameters using an efficient four or
six measurement modulation scheme. The line-of-sight measurement can be per-
formed with two intensities measurements only. The observed Stokes profiles will
be inverted using an inversion code to infer the magnetic and thermodynamic
properties of the solar atmosphere for the particular spectral line. Thus, the
characterization of the all the optical components of the polarimeter is very im-
portant in order to achieve better polarimetric accuracy. In the next chapter, we

discuss the characterization of the polarimeter components.






Chapter 3

Characterization of the

polarimeter components

3.1 Introduction

From the previous chapter, we note that LCVR is the main component of the
polarimeter. Therefore accurate information about retardance of the LCVR is
important for polarimetric measurements. The retardance of LCVR mainly de-
pends on the applied voltage but it also depends on temperature for a fixed
wavelength. The characterization of each LCVR is important in order to get the
accurate retardance for better polarimetric accuracy. In this chapter, I will briefly
describe the properties of the LCVRs, the experimental setup which we have used

for their characterization, and the results obtained from the experiments.

3.1.1 Liquid Crystal Variable Retarder

LCVR is made of nematic liquid crystal which is a phase of matter whose physical
properties lie between liquids and solids. Nematic liquid crystals have long cigar-
shaped molecules which can move almost similar to the ones in ordinary liquids

but they tend to be more or less parallel to the substrate, even though their

45
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positions are fairly random. To make them behave as variable retarders, we are
using their two important properties: optical anisotropy which makes them form
uniaxial birefringent layers, and electrical anisotropy which makes their optical
properties tunable. Figure 3.1 shows a sketch of this behaviour of the liquid
crystal molecules in the absence of the electric field (Figure 3.1, left) and in the

presence of electric field (Figure 3.1, right).

== ———1—— ——— ——— ————
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Figure 3.1: Sketch of nematic liquid crystal molecules without electric field (left)
and with electric field (right). Courtesy: Jochum et al. (2003).

The retardance ¢ introduced by a layer of liquid crystals is determined using

the relation,

d= 27T.An.§ . An = (ng —n.) (3.1)

Here, d is the layer thickness, A\ is the wavelength and An is the birefringence
coefficient, which is the difference between the refractive index of the ordinary

and extraordinary beam.

Without an electric field, the molecules are aligned with their long axis parallel
to the substrate surfaces. If an electric field is applied to the liquid crystal layer,
the molecules will tilt by an angle 8 until the long axis of the molecules is parallel

to the field direction for strong fields (see Figure 3.2).
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Retardance

Voltage

Figure 3.2: Changes of retardance with increasing E-field. Courtesy: Jochum
et al. (2003).

3.2 Characterization of LCVRs

3.2.1 Theory

The states of matter whose symmetric and mechanical properties are intermediate
between those of a crystalline solid and an isotropic liquid are called “liquid
crystal”. The most fundamental characteristic of a liquid crystal is the presence of
long-range orientational order while the positional order is either limited (smectic
phases) or absent altogether (nematic phases). One phase differs from the other
with respect to its symmetry (de Gennes et al. 1995). The transition between
different phases corresponds to the breaking of the symmetry and can be described
in terms of order parameter (S), which describes the phase transition. The order
parameter S is defined as
3 1

S = (500529 — 5) (3.2)

where 0 represents the angle between the main axis of a particular molecule and
the average orientation of all molecules, and () symbolizes an average over the
entire system. Here, S=1 corresponds to a perfectly aligned liquid crystal, and

S=0 to an isotropic state (De Gennes 1969).
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It is well known that S decreases with temperature and that, near the nematic-
isotropic transition temperature (7.), it drops non-continuously to zero. This
behavior with temperature can be understood as when the molecules gain energy
they can depart more, from order than at lower temperatures, due to combined
effects of entropy and energy. Considering this, Haller has shown the order param-

eter can be described over the entire nematic temperature range by the following

S = (1 - T%)B (3.3)

Where, [ is a critical exponent related to the phase transition. [ also has a

relation (Haller 1975).

dependence on the birefringence, which in turn depends on the applied voltage.

This shows that the order parameter also depends on the applied voltage.

Liquid crystal devices such as LCVR are used for the modulation of the input
beam by changing the retardance by the application of voltage. In the absence of
applied voltage, LCVR produces maximum retardance as the director (long axes
of the liquid crystal molecules) of the liquid crystal is parallel to the interfaces.
The retardance would be low if all molecules are not aligned parallel to the
interface. The retardance of the LCVRs can be tuned by applying voltages. The
voltage dependence of retardance of LCVR is given by the following Equation
(Saleh and Teich 2007),

5= 2md [(Si"2(@> + 0082<@>>% = n] , (3.4)

2 2
A n2 n2

where, n, and n. are the refractive indices of the ordinary and extraordinary
beam and the equilibrium tilt angle © for liquid crystal molecules depends on the

applied voltage, which is described by

0=0,VV<V

s V -V
:5—2tan71 {exp (— 7 C)}, vV V>V,
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where, V' is the applied voltage, Vi is the critical voltage at which the tilting

process begins, and 1 is a constant.

Retardance and the order parameter are related by the equation (Capobianco

et al. 2008)

0 = 08
T\5
— —— .
50( TC> (3:5)

where J, is the retardance for S=1, T is the nematic-isotropic transition tem-
perature, and [ is a critical exponent related to the phase transition. As evident
from the above equation, for a particular voltage as temperature increases, S and
0 decreases. Thus, from the measurements of retardance as a function of voltage

at different temperatures the behavior of S can be understood.

3.2.2 Experimental setup and procedure

Experimental setup for the characterization of LCVRs is shown in Figure 3.3. We
have used a stabilized DC lamp as a white light source (S) along with a diffuser
to get uniform intensity. A lens (C1) is placed in front of the pinhole to collimate
the light. An interference filter (F1) is used to select the particular wavelength
for which characterization of the LCVRs is carried out. The LCVR is placed
in between two Glan-Thompson polarizing prisms (P1 & P2). Glan-Thompson
polarizing prisms offers high extinction ratio (1x107%) and high transmittance
for a wavelength band between 3500-23000 A (Hecht 2001). Another lens (C2)
is placed after the analyzer (P2) to image the beam onto a CCD camera to
measure the intensity of output light. The incoming light is linearly polarized
by the polarizer P1. After being retarded by the LCVR, with its fast axis at
45°, the light is analyzed by the second polarizer P2. Polarizer P2 is mounted on

a computer controlled rotation stage to measure the intensities at two different
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Figure 3.3: Experimental setup for the calibration of LCVRs: In this setup, a
light beam coming from a pinhole source is collimated using a lens C1. Then the
collimating light passes through an interference filter (F1), linear polarizer (P1)
and LCVR whose fast axis is kept at 45° with respect to P1. Finally, light is
imaged by imaging lens (C2) on CCD which is placed in the focal plane of the
imaging lens after passing through analyzer P2.

orientations.

The Stokes vector S,,; after P2 can be written as

Sout = Mpor Mg(9)Sin, (3.6)

where S;, = [1 1 0 0] represents the light linearly polarized by the polarizer P1.
Mg(9) and Mpoy are the Mueller matrix for the LCVR and the polarizer P2,

respectively. Mg(d) and Mpoy, can be written as

1 0 0 0
Ma(6) 0 cos?2¢ + sin*2¢cosd  sin2¢cos2¢(1 — cosd) —sin2¢sind
R pu—
0 sin2¢cos2¢(1 — cosd)  sin*2¢ + cos*2¢cosd  cos2¢sind
0 5in2¢sind —c082¢sind cosd
(3.7)
1 cos20 s1n26 0
1| cos20  cos?20  sin20cos20 0
Mpor(0) = ~ . (3.8)
stn20  sin260cos26 51n220 0
0 0 0 0

where ¢ is the orientation of the fast axis of the LCVR with respect to P1, ¢ is

the retardance of LCVR due to the voltage applied, and 6 is the orientation angle
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of P2 with respect to P1.
Substituting Mg, Mpor and S;, in Equation 3.6, the output intensity ([,u:)
measured by the CCD is

1
LI = 3 [1+ cos26(cos®2¢ + sin*2¢cosd) + sin20sin2¢cos2¢(1 — cosd)] . (3.9)
In our setup, we always keep ¢p=45°. Hence, Equation 3.9 becomes
1
Towt = 5 [1 + cos26cosd)]. (3.10)
For 6 = 0°, P2 is parallel to P1, output intensity is

. = 1[14—6055]. (3.11)

out — 9
For 6 = 90°, P2 is crossed to P1, the output intensity is

20— L cossl. (3.12)

out — 2
Using Equations 3.11 and 3.12, retardance of LCVR can be obtained as

]0 o ]90
5 — —1 out out ] 1
(fsut - 13&) 1

Rotating the polarizer P2 provides two angles for 6, viz. §=90° and #=0°. Thus,
by measuring the intensities I,,; for the two different angles, 8 = 90° and 6 = 0°,
the retardance 0 of the LCVR can be estimated for different voltages. However,
it requires prior knowledge of the transmission axis of the polarizers and the fast
axis of the LCVR. Hence, we determined the transmission axis of the polarizers
and the fast axis of the LCVR using the same experimental setup before we

carried out the characterization of LCVR.
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Figure 3.4: Variation of intensity with the rotation of polarizer P2 with respect to
polarizer P1. The minimum intensity gives the angle at which both the polarizers
are crossed to each other.

3.2.3 Determination of the transmission axis of the polar-

izers

The LCVR, shown in Figure 3.3, is removed from the optical path in order to
precisely align the axis of the polarizers P1 and P2. By keeping the polarizer P1
at a fixed position, the polarizer P2 is rotated from 0° to 180° with respect to P1,
with a step size of 0.5° using a computer controlled rotation stage (least count
of the computer controlled rotating mount is 0.5°). For each angle, the intensity
is measured using the CCD. The plot of the measured intensity as a function of
the angle is shown in Figure 3.4. The intensity is maximum when P1 and P2
are in parallel position. The intensity starts decreasing with an increase in the
angle between them. We get the minimum intensity at the crossed position which
further starts increasing with an increase in the angle between P1 and P2. From
the Figure 3.4, the angle of polarizer or analyzer P2 is obtained at (90+0.5)°.

Therefore the transmission axis of the polarizer P1 is (0+0.5)°. The above result
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satisfies the following equation,

Mpg(@ == 900).Mp1(0 == 00) == O

3.2.4 Determination of the fast or slow axis of LCVR

After knowing the crossed position of the polarizers P1 and P2, we proceed to
determine the fast axis of the LCVR. For this purpose, the polarizers P1 and P2
are kept in crossed position and the LCVR is again placed between them. After
that, the output intensity is measured by rotating the LCVR. Figure 3.5 shows
the plot between measured intensity and angle of the LCVR with respect to P1.
The angle at which minimum intensity is observed is the angle at which fast axis
of LCVR is parallel to P1 or perpendicular to polarizer P2. The above procedure

can be easily understood by solving the following Mueller matrix Equation,

Mpy(0 =90°).Mrcoyvr(¢ =0°,0).Mpi(0 =0°) = 0.

We rotate the fast axis of the LCVR by (45+0.5)° from this position for further
characterization of the LCVR.

3.2.5 Characterization of LCVRs with voltage

After knowing the crossed position of polarizers and the fast axis of LCVRs, we
moved to characterize the dependence of voltage on the retardance of the LCVRs
using the following procedure. Keeping the polarizers P1 and P2 in crossed
position and the fast axis of the LCVR at 45° with respect to P1, we applied
voltages from 0 to 10 V in steps of 0.05 V to the LCVR. Five images were taken

at each voltage and the mean intensity was computed to obtain I°°,. Following

out*

the same procedure, we obtained I, as a function of voltage after rotating P2

such that P1 and P2 are in parallel position. In both the cases, the temperature
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Figure 3.5: Variation of intensity with the rotation of the fast axis of LCVR. The
minimum intensity gives the position where the fast axis of LCVR is parallel with
the polarizer P1.

of LCVR is kept constant at 28°C.

With the measured 12,

using Equation 3.13. The retardance of LCVRs (LCVR1 and LCVR2) with volt-
age for 6173 A and 8542 A are shown in Figure 3.6 and 3.7, respectively. The

. and I%, at each voltage, the retardance is calculated

characteristic plots between retardance and voltage are used to estimate the volt-
ages required in both the modulation schemes (vector and longitudinal). Figures

3.6(a) and 3.6(c) represent the corresponding voltages required for the retardance

Table 3.1: Derived voltages for the required retardance at 6173 A in the vector

field mode modulation scheme for both the LCVRs.
o1 Voltage of LCVR1 0o Voltage of LCVR2

() (V) (°) (V)
315.0  2.098£0.001  305.264  2.273+0.001
3150 2.098+£0.001  054.736  5.048+0.001
225.0  2.598+£0.001  125.264  3.615+0.001
225.0  2.598+0.001 234736  2.651=£0.001
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Figure 3.6: Calibration curves of the LCVRI1 (top panels) and LCVR2 (bottom
panels) at 6173 A showing retardance as a function of voltage. Left (a and ¢) and
right (b and d) panels show the voltages for the required retardance in vector and
longitudinal modes, respectively. Vector mode will be used for the measurement
of all the Stokes parameters and longitudinal mode will be used only for measuring
Stokes parameters [ and V.
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Figure 3.7: Calibration curves of the LCVRI1 (top panels) and LCVR2 (bottom
panels) at 8542 A showing retardance as a function of voltage. Left (a and c) and
right (b and d) panels show the voltages for the required retardance in vector and
longitudinal modes, respectively. Vector mode will be used for the measurement
of all the Stokes parameters and longitudinal mode will be used only for measuring
Stokes parameters I and V.
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Table 3.2: Derived voltages for the required retardance at 6173 A in the longitu-

dinal mode modulation scheme for both the LCVRs.
01 Voltage of LCVR1 0o Voltage of LCVR2

() (V) () (V)
360.0  1.868£0.001  090.00  4.161=£0.001
360.0  1.868+£0.001  270.00  2.454+0.001

Table 3.3: Derived voltages for the required retardance at 8542 A in the vector

field mode modulation scheme for both the LCVRs.
01 Voltage of LCVR1 09 Voltage of LCVR2

() (V) () V)
315.0 2.114+0.001 305.264 1.898£0.001
315.0 2.114+0.001 054.736 4.385+0.001
225.0 2.604+0.001 125.264 3.1204+0.001
225.0 2.604=0.001 234.736 2.262+0.001

in vector mode modulation scheme (shown by circle on the characteristic curve)
and Figures 3.6(b) and 3.6(d) represent the corresponding voltages required for
the retardance in longitudinal mode modulation scheme for LCVR1 and LCVR2
at wavelength 6173 A, respectively. Similarly, panels (a) and (c) of Figure 3.7
represent corresponding voltages required for the retardance in vector mode mod-
ulation scheme and panels (b) and (d) of Figure 3.7 depict corresponding voltages
required for the retardance in longitudinal mode modulation scheme for LCVR1
and LCVR2 respectively at wavelength 8542 A.

The retardance and their corresponding voltages calibrated from Figures 3.6
and 3.7 are listed in Table 3.1-3.4 for both the LCVRs according to their respective
wavelengths. These values are used for the measurement of Stokes parameters

with the polarimeter for MAST.

Table 3.4: Derived voltages for the required retardance at 8542 A in the longitu-

dinal mode modulation scheme for both the LCVRs.
01 Voltage of LCVR1 0o Voltage of LCVR2

) (V) ) (V)
360.0  1.875£0.001  090.00  3.603-£0.001
360.0  1.875£0.001  270.00  2.074:£0.001
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3.2.6 Characterization of the LCVRs with temperature

Noticeably, equation 3.5 shows that the temperature also influences the retar-
dances of LCVRs. Therefore, we have characterized voltage dependence of re-
tardance of a LCVR at four different temperatures, i.e., 28°C, 30°C, 35°C, and
40°C. Retardance estimated with the application of voltage at a T = 28°C is
shown in Figure 3.8. Left and right panels of Figure 3.8 show the retardance
without phase-unwrapping and with phase-unwrapping, respectively. Here, it is
to be noted that left panel of the Figure 3.8 show two regions, R1 and R2, which
need phase-unwrapping for continuous curve. As the retardance required for po-
larimetry is in the range of 50-360°, we have not performed the phase unwrapping
in the higher voltage range (R2), where the retardances are very small. For com-
parison, data obtained from the manufacturer is also shown in Figure (3.8, right).
From the figure it is evident that our measurement is in agreement with that of
manufacturer’s. However, the minor difference observed in the both the curves
is due to change in the wavelength of the light used. Our measurements are per-
formed for a light of wavelength centered at 6173 A, whereas the data provided
by the manufacturer used 6302 A wavelength.

Figure 3.9 shows the retardance as a function of voltage at different tempera-
tures. As evident from the Figure 3.9 (left), retardance of the LCVR decreases as
their temperature increases. At lower voltages (0-2 V), the applied electric field
may not be sufficient enough to provide the torque to change the orientation of
liquid crystal molecules so it remains parallel to the interfaces, here temperature
influence is dominant. However, at higher voltages (V >6 V), torque due to the
applied electric field is strong enough to not to influenced by the temperature,
i.e., change in retardance due to voltage is dominant than the change in retar-
dance due to temperature. In the intermediate regime (2-6 V), both temperature
and voltage play a role in changing the retardance. The effect of temperature on

the retardance of the LCVR can be clearly seen in the right panel of Figure 3.9.
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Figure 3.8: Left: Retardance vs voltage applied to a LCVR for a wavelength
of 6173 A. Measurements were made in steps of 0.05 V from 0 to 10 V. Right:
Comparison between the curve provided by the manufacturer (dashed line) of the
LCVR and that obtained with our procedure (continuous line). It is evident from
the Figure that our measurement is in agreement with that of manufacturer’s.
However, the minor difference observed in the both the curves is due to change in
the wavelength of the light used. Our measurements are performed for a light of
wavelength centered at 6173 A, where as the data provided by the manufacturer
is for 6302 A.
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Figure 3.9: Left: Variation of the retardance with the applied voltage of LCVR
for four different temperatures. Continuous, dotted, dashed and dot-dashed
curves are corresponding to temperatures, 28°C, 30°C, 35°C, and 40°C, respec-
tively. Vertical line represents different voltage regimes in which influence of
voltage and temperature on retardance varies. Right: retardance derivative
with respect to the temperature as a function of voltage which shows that LCVR
is insensitive to temperature for higher voltages. Thin line with asterisk symbols
represents dd/dT derived using the data shown in the left panel and the polyno-
mial fit is shown with thick line. This Figure is re produced from Tiwary et al.

(2017b).
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Figure 3.10: Left: Temperature Vs. retardance keeping the LCVRs at a voltage
corresponding to quarter wave plate (V=3.967 V). Asterisk symbols shows the
experimental data and the cuves show the corresponding fits using the two meth-
ods (Fit A and Fit B). For Fit A, temperature is fixed at 368 K. For Fit B, all
the three parameters are varied to fit the equation 3.5. Right: Retardance ver-
sus temperature for different voltages: V1=0.0, V2=1.861, V3=2.318, V4=2.918,
and V5=3.967 V at a constant 7-=339.9 K. These voltages corresponds to
retardance of maximum, A\, 3\/4, A\/2, and \/4, respectively.

It shows that the LCVR is more sensitive to the temperature when it is operated

at low voltages and it is nearly constant in the voltage range 0-2 V.

A relation between temperature sensitivity (dd/dT) and voltage is obtained
for two regions of voltage separately using polynomial fit of the order 1 and 4,
respectively. When we fit the entire data with a polynomial fit, the chi-square
value is higher. Hence, the data is divided into two regimes (V<2 and 2<V>10)

and used to find an appropriate polynomial fits as shown below.

)

— = 141 <2

dT vVs

dé

o = —4.034+1.97V —0.41V?% 4+ 0.04V3 — 0.0014V*

vV 2<V <10 (3.14)
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Using the equation 3.5, it can be shown that,

ds 1 do
= - - = 3.15
dT 0o dT ( )
The above equation shows that, in order to know the sensitivity of the order
parameter (S), it is important to know the &y, which depends on the applied

voltage. Hence, dy and [ are estimated by re-arranging the experimental data as

shown in Figure 3.10.

The asterisk symbols in the left panel of Figure 3.10 depict the temperature
dependence of the retardance at a fixed voltage 3.967 V (voltage corresponding
to quarter wave retardance). The data (temperature Vs. retardance) is fitted
to Equation 3.5 in two ways: one in which T, is fixed at a known value of 368
K (95°C, provided by the manufacturer of LCVR, M/s Meadowlark optics) for
this particular LCVR (fit A) and another in which all the parameters are (fit B)
obtained from the fit. Fit A yields 5=0.395+0.086 and 6,=178.5+27.4. [ value
obtained here is more than the expected (Haller 1975). However, a better fit is
achieved in the second method, which yields 5=0.213+0.004, dp=144.1+1.3, and
Tc=339.941.6 K. As the percentage of deviation in the obtained parameter is
smaller, we use the values (3, dp and T obtained here for further analysis. Using
the derived value of T (339.9 K or 66.9°C) and the Equation 3, data shown in
the Figure 3.10 (right) is extrapolated for retardance as a function of temperature
at different voltages (cf. Figure 3.10). As the polarimeter uses voltages in the
range of 0-4 V for achieving required retardance, we have shown only these five

voltages in the plot.

Critical exponent (f) and maximum retardance Jy are also obtained for the
voltage range 0-8 V using the equation 3.5 with T at 340 K. Figure 3.11 depicts
the change in /3 (top left panel) and Jy (top right panel) with voltage along with
the 1-0 error bars. Change in 8 shows larger error at higher voltages. This

could be due to the temperature sensitivity of retardance, which is very low at
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Figure 3.11: Top Left: Change in critical exponent () with voltage. Right:
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tom: Left Change in order parameter (S) with voltage at different temperatures.
Right: Change in order parameter (S) with respect to change in temperature

(Tiwary et al. 2017a).
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higher voltages (cf. Figure 3.9). Also 8 and dp are almost constant in the low
voltage regime (0-2 V). Lower panel of the Figure 3.11 shows the variation of
order parameter at different temperatures and voltages and also change in the

order parameter with respect to change in temperature.

The estimated order parameter varies between 0.45 and 0.8 for different com-
bination of voltage and temperature and it decreases with an increase in temper-

ature as well with an increase in voltage. It also shows that order parameter is

more sensitive to voltage or the applied electric field than the temperature. g—;:

shows linear relation (approximately) with voltage (V). The difference in obtained

equations for % and % could be due to the voltage dependence of the J, as seen
in the top right panel of Figure 3.11. % shows less complex behavior than the

j—%‘ The complexity might have been normalized by the complex behavior of the

voltage dependence of dy.

At present the LCVRs are kept in a temperature enclosure provided by the
vendor. Temperature stability of the enclosure is £1°C. For precise polarimetric
measurements, it is important to know the change in response matrix due to
the fluctuations in the temperature enclosure. Maximum rate of change of the
retardance with respect to the temperature is obtained (Figure 3.10) ~ —1.5°/°C
at 2.0 V (Tiwary et al. 2017a). Thus, £1.0° C variation in temperature causes a
maximum change in retardance of -1.5°. Incorporating the maximum change in

retardance, the new response matrix can be written as,

0.99983  0.00017  0.01309 —0.01309
, | 0.00017 ~ 0.99983  —0.01309  0.01309 (3.16)
—0.01309  0.01309  0.99983  0.00017 | '

0.01309 —0.01309 0.00017  0.99983
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Table 3.5: Polarimetric cross-talk due to change in the temperature stability (07
of the thermal control system.

oT Q—U Q—V U—-V

(°C) cross-talk  cross-talk  cross-talk

1.00 1.3x107% 13x107% 1.7x10™*

0.50 6.5x107% 6.5x 1072 4.25x 107°

025 32x107% 3,2x107% 1.04x107°

Thus, the error in the measurement of response matrix is,

0.00017 —0.00017 -0.01309 0.01309
AX =X X' —0.00017 0.00017  0.01309 —0.01309
0.01309 —0.01309 0.00017 —0.00017 |

—0.01309 0.01309 —0.00017 0.00017

where X is a unit matrix. The matrix elements (3, 2), (4, 2), (4, 3) of X’
show the cross-talk among the Stokes parameters Q, U, and V. In this case,
the cross-talk from Q to U and Q to V is same and equal to 1.3 x 1072 and U
to V cross-talk is 1.7 x 107*. We have calculated the change in cross-talk for
different values of temperature accuracy. Table 3.5 summarizes the calculations.
A temperature variation of £0.25°C (which can be obtained by optimizing the
temperature control system) causes an error in retardance of +0.38° (as shown
in Table 3.5). A cross-talk of the order of 1073 would be acceptable for our
scientific studies. Therefore a temperature control system which can maintain
the temperature of LCVRs within +0.25°C will be constructed and used for the

measurements of the Stokes parameters.

3.2.7 LCVRs: Change in the orientation of the fast axis

with the voltage

It is presumed that the angular position of the LCVR fast axis is independent

of the voltage, only the retardation changes according to the voltage. But in
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practice, it was observed that the position of the fast axis also changes with the
voltage (Terrier et al. 2010). In order to see the effect of voltage on the orientation
of the fast axis of LCVR, we performed the following experiment. T'wo polarizers
P1 and P2 are placed in a collimated beam keeping P1 at a reference position and
intensity is measured by rotating P2 from 0° — 180°. After knowing the crossed
position of the polarizers P1 and P2, LCVR is placed between P1 and P2. The
orientation of LCVR is adjusted such that the fast axis of LCVR becomes parallel
to polarizer P1 (Figure 3.12). In this configuration, rotating the P2 gives exactly
the same kind of intensity variation as in the case of linear polarizers without
retarder. Without changing the orientation of the LCVR, we applied different
voltages (between 0-10 V) to LCVR and measured the intensity variation by
rotating P2. We observed that (Figure 3.12, left) the intensity variation continues
to be sinusoidal, with the sinusoid pattern shifted with respect to the reference
sinusoid (no LCVR). The difference between the reference position (no LCVR or
without voltage) and the actual position for different voltages were measured and

plotted against the applied voltage for LCVRI (see Figure 3.12, right).

As shown in Figure 3.12 (right), the maximum shift obtained in the orientation
of the fast axis of LCVR is 8° at 2.5 V. Thus, it is important to know the change in
response matrix due to the shift in the orientation of fast axis. The new response

matrix due to the change in the orientation of the fast axis (8°) is,

0.99454 0.03327  0.05467 —0.08248
0.03327 0.99454  0.05467 —0.08248

X = : (3.17)
0.30782 —0.20404 0.92874 —0.03252

0.30782 —0.20404 —0.03252 0.92874
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Figure 3.12: Left panel shows the variation of intensity with the change in angular
position of polarizer P2 with reference to polarizer P1 for different voltages applied
to the LCVR. The right panel shows the shift in the position of the fast axis with
the voltage applied to the LCVR in which reference is taken as no LCVR position.

The error in the measurement of modulation matrix is,

0.00546  —0.03327 —0.05467 0.08248
AX = X _ X/ — —0.03327 0.00546 —0.05467 0.08248
—0.30782 020404  0.07126 0.03252 |

—0.30782 0.20404  0.03252 0.07126

where X is unity matrix. The matrix elements (3, 2), (4, 2), (4, 3) of X’ show the
cross talk among the Stokes parameters QQ, U, and V. In this case the cross-talk
from Q to U and Q to V is same and equal to 2.0 x 107! and U to V cross-talk
is 3.2 x 1072,

As evident from the above analysis the cross-talk in the Stokes measurement
resulting from the drift in the LCVR fast axis while applying voltages is con-
siderably large and needs to be taken into account. The theoretical modulation
matrix O (as discussed in chapter 2) is modified by including the drift in the fast

axis for corresponding voltages. This modified modulation matrix is used for the
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demodulation of the observed Stokes profiles as shown by Terrier et al. (2010).

3.3 Summary

The main component of the polarimeter is LCVR which is made of nematic
liquid crystals. In this chapter, we have studied the effect of several parameters
on the retardance of the LCVR. We have derived the voltages required for the
corresponding retardance in the modulation schemes by characterizing all the
LCVRs in laboratory setup. The effect of temperature on the retardance of
LCVR has been discussed. We also have described the effect of voltage on the
orientation of the fast axis of LCVR. All these effects are very important for

estimating the final polarimetric accuracy.



Chapter 4

Calibration of the polarimeter

A sensitive spectro-polarimeter is needed to study the magnetic structure of active
regions and the small-scale magnetic elements. For polarimetric measurements,
good signal-to-noise ratio (S/N) is also needed in relatively short timescales if we
have to study the dynamics. Notably, the 50 cm aperture of MAST will provide
enough photon flux to permit such studies. We need to calculate the S/N and
exposure time at the detector to check whether a sufficient polarimetric sensitivity

of (> 0.1%) is achievable.

The need to overcome cross-talk effects owing to atmospheric seeing, to gain
table uncertainties, or to instrumental polarization has driven the recent devel-
opments of new generation solar Stokes polarimeters. The major problem with
solar polarimetry is the cross-talk between the components of the Stokes vector
due to the oblique reflections in the telescope and any other instrumentation,
including the polarimeter itself. In order to achieve better polarimetric accuracy,
it is very important to calibrate the polarimetric properties of the telescope and
the other optical components coming in the path of polarimeter. In this chapter,

we discuss about polarimetric sensitivity and accuracy of the polarimeter.
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4.1 Polarimetric sensitivity: Exposure time and

Signal-to-noise (S/N)

Polarimetric sensitivity is defined as the noise level above which a real polarization
signal can be measured. This is directly related with the S/N of the instrument.
It can be calculated by using the reflectance and transmittance of all the optical
components in the path of the beam. For MAST, the telescope has nine mirrors
with 95 % reflectivity. Therefore the combined transmitted intensity of the beam
coming out of the telescope and entering into the back-end instrument will be
around 60%. After passing through the adaptive optics, the narrow-band imager
and the polarimeter, the transmitted intensity is reduced to 5%. Thus the total

number of photons per second (S) reaching to the detector is given by,
S = No¢® ANApTast (4.1)

where N is the number of photons coming from the Sun at 6173 A per unit time,

area, solid angle, and wavelength interval and its estimated value is

N = 8.125 % 10%photons em2sec”tsrinm ™!,

¢? represents the subtended angular area of the detector pixels on the plane of
sky. AN is the wavelength interval falling in one pixel (0.30 arcsec) and can
be approximated by the spectral resolution of the instrument 6\ (FWHM~95
mA). Ap is the effective collecting area of the telescope. T, stands for the
transmission of the complete system, by far the most uncertain factor in this
equation. While no precise measurements are available, but we estimate it to be

Trnast = 0.05. The photon flux can thus be estimated to be

S ~ 3.0 x 10°photonssec pizel L.
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Exposure time for a single frame: For a 1024 x 1376 pixel CCD camera with
56 % quantum efficiency, we should be able to detect 1.7 x 10° electrons per pixel.
To fill 80 % (in order to avoid any kind of saturation) of the full well capacity
(1.8 x 10* electrons) exposure time should be about 10 ms.

Signal-to-noise ratio (S/N): S/N for a single exposure is given by

(s/n) = \/S-tezp = 172

where t.,, is the exposure time in seconds. For n number of exposures, S/N for

Stokes I measurement is given by

(S/N); = (s/n).er.\/Nan

S/N for Q, U, and V are equal because all are being measured with same efficiency

(discussed in chapter 2), which is given by,

(S/N)g = (s/n).€g.\/ Ng.n.

where IV, is number of intensity measurement in the modulation scheme; €g, and
¢r are the modulation efficiency of the I and Q (Iniesta and Pillet 2012).

Noise is the inverse of S/N, so to detect polarization signal upto 1073 noise,
we need to have S/N around 1000 for Q, U, V. This can be achieved either
by adjusting the number of frame or exposure time or both as per our science

requirement.

4.2 Polarimetric accuracy

Polarimetric accuracy describes to what extent the real polarization signals (on
the Sun) are actually reproduced by the polarimetric system. Solar polarimetry

normally aims at measuring the full set of Stokes parameters (I, Q, U, V). The
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accuracy is described by the difference between the ideal and the actual measure-
ments matrix (X), which contains the relative errors to the measurement scale at
its diagonal elements, the offsets to the zero point at the I= Q,U,V components
and general cross-talk at the other non-diagonal components.

For the ground based solar telescopes, polarimetric accuracy is governed by

the following three factors (Del Toro Iniesta 2003):

e Seeing induced polarization due to Earth’s atmosphere (denoted by matrix
My): Intensity variations due to the seeing at the observation site can lead
to spurious polarization signals because of the subtraction of intensities

obtained at different times.

e Cross-talk introduced by the polarimeter itself (denoted by X): The effects
concerning the performance of the polarimeter are taken into account by so

called X-matrix or polarimeter response function.

e Instrumental polarization caused by the optical components of telescope
(denoted by matrix T): It is important to note that MAST is a nine mirror
system with two off-axis parabolic mirrors and 7 plane oblique mirrors.
The oblique reflections of these mirrors complicate the measurement as
the instrumental polarization corrupts the incoming radiation. Hence a
systematic study of the instrumental polarization is needed in order to bring

out the corrected Stokes profiles from the observation.

For strong magnetic field observations, as seeing induced polarization
is negligible, it can be written as = M4 ~I (identity matrix) (Del Toro Iniesta
2003). However, for weak magnetic field measurements and high resolution ob-
servations, this may not be true. Thus, the final polarimeter output is always
given by

Sout = X.T.Ssun.
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where one has to retrieve the Stokes vector of the incident light from the mea-
surements (Spyz)-

The determination of these matrices is important for polarimetric accuracy.
The polarimeter response matrix has been calculated for both the wavelength of

interest, which is discussed in detail in the following section.

4.2.1 Experimental determination of response matrix (X)

of the polarimeter

The relation between the incoming Stokes vector and measured Stokes vector can
be written as,

Smeas = XSWL? (42)

where X is the 4 x 4 element response matrix. The response matrix of the po-
larimeter can be determined experimentally from the measured Stokes parameters
of the known input polarizations generated by calibration unit consisting of a zero
order quarter wave plate (QWP) and a linear polarizer. We have computed the
response matrix of the polarimeter in the laboratory using experimental setup

shown in Figure 4.1 for both the wavelengths (6173 A and 8542 A).

In order to compute the response matrix of the polarimeter, the calibration
unit (CU) is placed in the beam before the polarimeter module as shown in the
Figure 4.1. The orientation of the axes has been determined with an accuracy
of 0.5° for the linear polarizer and the QWP of CU which has been fixed in
a computer controlled rotating mount. To determine X of the polarimeter, 80
known polarization states are created by rotating QWP from 0° — 160° with a
step size of 2° and output intensity is measured by the polarimeter using four and
six intensity measurement modulation schemes (as discussed in chapter 2). We
have computed the response matrix of the polarimeter using both the schemes.

For the configuration shown in Figure 4.1, the input Stokes vector can be
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Figure 4.1: Experimental setup for the calibration of response matrix for MAST
polarimeter. In this setup, a light beam is collimated using lens L1 and then
collimating light passes through an interference filter (F), calibration unit con-
sists of a linear polarizer (P1) and a zero order quarter wave plate (QWP), and
polarimeter consists of two LCVRs (LCVR1 and LCVR2) and a linear polarizer
(P2). Finally, image is formed by imaging lens on CCD which is placed in the
focal plane of the imaging lens.

written as,

Sin = Mawp(0,,0).Mp1(6,).[1000]",

where 6, and 0, are the orientation of the retarder and polarizer of the CU relative
to the reference axis and 0 is the retardance of QWP. In our case, we fixed 6, at

0°, then the input Stokes parameters for different retarder orientation are given

by,
3\

=1,

Q) = cos(20) + sin*(26).cos(6), (4.3)
U = sin(20).cos(20).(1 — cos(9)),

V = —sin(20).sin(9). |

For n orientations of CU retarder, polarimeter response matrix is calibrated
from the measurements after rearranging the Stokes vector into nx4 matrices by

a solution of the linear problem,

Smeas — stna
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Multiplying by S from the right in above Equation
Spmeas-Si = X.Sin.St = X.D,

where

Therefore, the final expression for response matrix is

X = Sieas- St .D7L (4.4)

4.2.2 Response matrix for four measurement modulation

scheme

We have computed X when Stokes parameters were obtained by four measure-
ment modulation scheme and the other procedures were same as discussed in
Section 4.2.1. The response matrix of the polarimeter for 6173 A is, Hence, re-
sponse matrix for 6173 A is determined from the above equation using input and

measured Stokes vector can be written as,

1.0000 —0.0507 —0.0054 —0.0595
yors _ | ~0-0090  0.8946  —0.1618 —0.0369 (45)
4 = .
—0.0447 —-0.0639 0.8314 0.0734

—0.0474 —0.1494 0.0647  0.9665

The uncertainty in the measurement of X arises due to uncertainties in the knowl-
edge of calibration optics parameters. The error in the calibration is obtained by

evaluating the total deviation of the fit and is given as

1
2 2
o = N Z (Smeas - XSzn>
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The variance is obtained of the order of 1 x 1073 in this case. Therefore uncer-
tainty of each of the elements of the response matrix is of the order of 1073.
Thus, the real incoming Stokes vector S;, can be calculated from the observed

Stokes vector and measured response matrix as follows,

Sin - X_1~Smeas~

The input and the demodulated Stokes parameters at each CU retarder orienta-
tion are shown in Figure 4.2.
Similarly, we have determined the response matrix of the polarimeter at 8542 A

wavelength and given by,

1.0000  0.0006  0.0349 —0.0965
—0.0009 0.8931 —0.1053 0.0041
-0.0135 —-0.0616 0.9073 —0.1809

0.0873  0.0452  0.1948  0.9115

X P2 = , (4.6)

where the variance is of the order of 1 x 1073 correspondingly and plots for the

input and demodulated input Stokes parameters are shown in Figure 4.3.

4.2.3 Response matrix for six measurement modulation

scheme

Similarly, we have also computed X when Stokes parameters were obtained by six
measurement modulation scheme and the other procedures were same as discussed

in Section 4.2.1. The response matrix of the polarimeter for 6173 A is,

1.0000 —0.0084 0.0153 —0.0016
0.0009  0.9493  0.0265  0.1462
X5 — : (4.7)
—0.0171  0.0254  0.9573  0.0901

0.0043 —0.1829 —0.0808 0.9491
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Figure 4.4: Schematic diagram of the narrow-band imaging spectro-polarimeter
along with calibration optics. FP1 and FP2 along with blocking filter (BF)
forms narrow-band filter. Polarimeter is placed just before the CCD camera
for polarization measurements. Lenses and mirrors shown are for re-imaging
and for beam steering, respectively. Section 4.2.1 explains the calibration of
polarimeter alone using a laboratory source; however, for better polarimetric
accuracy, all other optical components along the light path need to be included
in the calibration. Hence, a calibration unit consists of linear polariser and a
quarter wave plate is placed before the F1 in the F#42.6 beam.

where variance is of the order of 1 x 1073,

Similarly, the response matrix of the polarimeter for 8542 A is,

1.0000  0.0062 —0.0177 0.0044
s | 00056 09251 0.0665 01308 s
6 - . .
—0.0652 0.0396  0.9454 0.0791

0.0344 —0.1379 —0.1509 0.9176

correspondingly variance is of the order of 1 x 1073.

4.2.4 Determination of X with MAST for 6173 A

In the earlier sections, we have discussed calibration of polarimeter alone using
an experimental setup consists of a laboratory source. However, polarimeter
is used along with narrow-band filter and other optical components for solar

observations. Figure 4.4 shows the schematic of the imaging spectropolarimeter
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along with calibration optics. As the polarimeter is placed just before the CCD
camera which is used for acquisition of polarization measurements, it is necessary
to include all the optical components in the light path in estimating the response
matrix. Hence, we place a calibration unit consists of a linear polarizer and a
quarter wave plate after L1 in F-42.6 beam. We next calibrated the polarimeter
directly using sunlight from the telescope using six measurement modulation
schemes. The output from the MAST has to pass through a set of different optical
components (as shown in Figure 4.4) compared to the lab setup shown in Figure
4.1. Therefore, we need to determine the response matrix of the polarimeter once
again in the same way as discussed earlier to consider the effect of all these optical

components on the polarization measurements.

Following previous method, the response matrix determined with the MAST

is using six measurement modulation scheme,

1.00000 0.06930  0.00601  0.06087
—3.2410.1077 0.82774 —0.07714 —0.15418
Xnmasr = : (4.9)
1.4901.107%  0.10421  0.74701 0.11685

7.4506.107%  0.138909 —0.11104 0.70949

Note that the matrix elements of X;457 are different than the elements of Xg”?’
because of the different intervening components in the MAST setup (see Figure
4.4). The input, measured, and demodulated Stokes parameters I, Q, U, and V
at each QWP orientation are shown in Figure 4.5. From these figures cross-talk
introduced in Stokes Q, U, and V can be easily seen. We need to remove the
cross-talk from the telescope itself. Along with the telescope matrix, Xy, a5 will

be used to get the real Stokes vector from the measured Stokes vector.
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Figure 4.5: Plots of input (In), measured (Me), and demodulated (De) Stokes
parameters calculated at each position angles of QWP of CU for 6173 A wave-
length



82 Chapter 4. Calibration of the polarimeter

4.3 Summary

In this chapter, we have discussed about the sensitivity of the polarimeter. In
this regard, we have estimated exposure time and number of polarization mea-
surements needed for the required polarimetric sensitivity to achieve the scientific
goals of MAST. We also have discussed the several factors which are responsi-
ble for the polarimetric accuracy. We have used two separate polarimeters for
polarization measurement in the photosphere and chromosphere at two different
wavelength 6173 A and 8542 A. For both the polarimeters, the response matrices
have been experimentally determined in the lab using an experimental setup for
both the modulation schemes (four and six measurement). We have also cali-
brated the polarimeter at the back-end of MAST using direct sunlight coming
from quiet Sun to see the polarization effect from the other intervening compo-

nents in the path to the polarimeter.
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Spectropolarimetric Observations

from MAST

5.1 Introduction

Imaging spectropolarimeter consists of narrow-band imager and polarimeter is
integrated with MAST after the calibration of each instrument and started pro-
viding spectropolarimetric observations. For the present set of observations, we
have modulated the polarization first and changed the wavelength later to mini-
mize the seeing influence. As we know that the response time of a Nematic LCVR
depends on the direction of voltage change. In increasing of voltage it is faster
than decreasing of voltage. The response time of LCVRs (for the change of one

polarization state to other) is taken as 22 ms which is the maximum value.

Change in wavelength position requires 100 ms and 200 ms for a spectral
sampling of 15 mA, and 30 mA, respectively as the tuning speed of the FPs is
nearly 1000 Vs~! whereas the temperatures of FP1 and FP2 is fixed at 35°C and
28°C, respectively. We need to capture several images for each polarization state
to build-up the signal for moderate seeing condition. The number of images can

be increased or decreased as per the seeing condition. The exposure time is also

83



84 Chapter 5. Spectropolarimetric Observations from MAST

depend on the seeing conditions. As S/N depends on both these factors, we need
to adjust between these to increase the temporal cadence of the spectropolarimet-
ric observations. Overall time taken for one modulation cycle (i.e. for obtaining
IQUV at one wavelength positions with 20 images) is around 8 seconds consid-
ering an exposure time of 60 ms (at 6173 A). The time cadence of the vector
magnetogram varies depending on the number of wavelength positions. For ex-
ample, the cadence varies from 40 seconds to 216 seconds for 5 to 27 wavelength
positions. The number of wavelength points which determine the time cadence

can be selected as required by the scientific objectives.

For the initial tests, we have scanned the spectral profile of 6173 A line with
a step of 15 mA and 30 mA, for a total of 27 and 20 positions, respectively in
longitudinal mode. The number of wavelength positions could be considerably
reduced by an optimization after inverting the profiles, which will be carried out
after further analysis. In the following sections, some of the preliminary obser-
vations obtained with the imaging spectropolarimeter are discussed. For these
observations polarimeter is operated in longitudinal and vector mode. Further,

we also compare our data with the data provided by HMI onboard SDO.

5.2 Spectropolarimetric Observations in Longi-

tudinal Mode

The observations described in this section are obtained for a sunspot in the active
region NOAA AR 12436 taken on October 24, 2015 between 4:00 UT and 5:30
UT, when the seeing was moderate. The active region was slightly away from the
disk center and located at NO9 and W20. FP etalons of the narrow-band imager
were sequentially tuned to 27 positions on the 6173A line, with 15 mA wavelength
spacing. A pair of two images in left- and right- circular polarizations (LCP &

RCP) was obtained by applying appropriate voltages (listed in Table 2.3) to the



5.2. Spectropolarimetric Observations in Longitudinal Mode 85

arcsec

6173.3 6173.4 6173.5
Wavelength (A)

arcsec

0 20 40 60 80 100 120 140 6173.3 6173.4 ~ 6173.5
arcsec Wavelength (A)

Figure 5.1: LOS mode of observations of the active region NOAA AR 12436
observed on October 24, 2015 between 4:00 UT and 5:30 UT using MAST po-
larimeter. In the first row, the left figure shows one of the mean intensity images
whereas the right figure is for the corresponding mean Stokes I profiles. The
Stokes I profile is deduced separately for the magnetic (solid line) and for the
non-magnetic (dashed lines) regions whereas in the second row, left figure dis-
plays the mean Stokes V image for a wavelength position at +75 mA from line
center and right plot indicates the mean Stokes V profiles for both the magnetic
and non-magnetic regions. Because of the limitation of the voltage tuning of both
the etalons in tandem, line profile shifted more toward blue side.This observation
is helpful in optimizing the temperature of FP etalons in retrieving the line-profile
completely (refer section 5.2.2).
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LCVR 1 and 2. For these measurements, the voltage of the LCVRI1 is changed
alternately, whereas the LCVR2 is kept constant to provide a retardance of 1\.
For each wavelength position, 20 pairs of LCP and RCP images were obtained
with an exposure time of 65 ms to increase the signal to noise ratio (SNR).
Figure 5.1 shows the results of the above observation. The top left figure shows
one of the mean intensity image whereas the right figure is for the corresponding
mean Stokes I profiles. The mean Stokes I profile is deduced separately for both
the magnetic (solid line, where the V signal is more than 1072) and for the non-
magnetic (dashed line) regions. The broadening of the profile due to the magnetic
field is evident in these plots. The bottom left figure displays the mean Stokes
V image for a wavelength position at +75 mA from line center whereas the right
plot indicates the mean Stokes V profile for both the magnetic and non-magnetic

regions.

5.2.1 Comparison of Stokes V observations in 6173 A from
SDO/HMI and USO/MAST

We also carried out a comparison of our results with the magnetograms availed
from Helioseismic Magnetic Imager (HMI) instrument (Scherrer et al. 2012;
Schou et al. 2012) onboard the Solar Dynamics Observatory (SDO) (Pesnell et al.
2012). For comparison, the images from MAST and HMI were taken at around
the same time (04:42 UT on October 24, 2015). The comparison was possible as
the spectral line used by both the instruments is same, even though the spectral
resolution of each instrument differs. HMI provides both LOS and vector mag-
netograms. It also provides LCP, RCP with 45 second cadence and Stokes I, Q,
U, V images with 12 minute cadence. For the comparison, we have restricted our
analysis to HMI LOS magnetograms and Stokes V images, since our linear polar-
ization measurements (Q, U) need further instrumental polarization correction.

The stokes V profiles could also get contaminated by the instrumental polariza-
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Figure 5.2: Top row: Stokes I image taken by SDO/HMI (left) and USO/MAST
(right); Middle row: Stokes V image at wavelength position +75 mA from line
center taken by SDO/HMI (left) and USO/MAST (right); bottom row: scatter
plot made between Stokes V of SDO/HMI and longitudinal magnetic field of
SDO/HMI (left) and scatter plot made between Stokes V of USO/MAST and
longitudinal magnetic field of SDO/HMI (right).
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tion, but the cross-talk from the linear polarization mostly introduce only a bias
in Stokes V images. Thus, the present comparison should not get affected.
The image obtained from the HMI is resized, and the MAST image is registered
with respect to HMI image. The right and left images in the top panel of Figure
5.2 show the cropped continuum images taken with HMI and MAST instruments,
respectively. The images are cropped in such a way that they include the sunspot
and a part of the nearby area. The middle panel shows the Stokes V images of
HMI (left) and MAST polarimeter (right), respectively for a selected wavelength
position +75 mA away from the line center. It is evident from the figures that
most of the magnetic features in the Stokes V map of HMI matches well with the
Stokes V map of MAST polarimeter. The advantage of the space-based observa-
tion is clearly visible in the HMI images from the low background features.
Unlike HMI observations, the MAST images are affected by the atmospheric
seeing during the image acquisition which results in a considerable I -V cross-talk
(Del Toro Iniesta 2003; Lites 1987) thus a higher background noise. This [—-V

cross-talk is evident from the granulation pattern in Stokes V images of MAST.

The bottom panels of Figure 5.2 are for the Stokes V signal obtained at a
wavelength position 475 mA (away from the line center) plotted against the HMI
LOS magnetic field strength. The plot shown in the left panel is for the HMI
Stokes V whereas the right is for the MAST Stokes V at a close by wavelength
position against the HMI LOS magnetic field strength. The region shown with
the red contain points mostly from the umbra, where the linearity between the
Stokes V amplitude and the magnetic field strength doesn’t hold. It is evident
from Figure 5.2 that other than the scatter which could be partly due to the
seeing related =V cross-talk, the trend matches closely.

We also found a difference of factor of around 2 in the Stokes V signal between
the HMI and the MAST images. This can be explained by the influence of finite
width of the narrow band filter in scanning the line profile and the difference

in the overall instrumental profiles used in the HMI and MAST imager. The
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finite width of the filter results in a convolution of the spectral line profile, which
introduces an apparent increase in the width and decrease in the depth of the line
profile. This effectively reduces the amplitude of the Stokes V signal. In order
to check this, we have computed synthetic line profiles using Milne-Eddington
inversion code, taking realistic solar atmospheric parameters. Convolution of the
Stokes V parameter with the filter profile of 95 mA FWHM shows a reduction
in the peak of Stokes V amplitude by a factor 2 (approz.). This effect can be
taken care while inverting the Stokes profiles; ¢.e., convolution of the synthetic
profile with filter profile before fitting that with observed Stokes profiles. Other
than the above differences, the overall comparison between HMI and the MAST

Stokes V measurements enhances the confidence in our measurements.

5.2.2 Observations of NOAA AR 12529 on April 16, 2016

As evident in the Stokes I profile in the top panel of Figure 5.1, the starting
point for the wavelength scanning has a limited coverage in the blue wing side of
the 6173 A line profile. This was due to the limited tuning range of the Fabry-
Perot filters, which was restricted due to the maximum voltage which could be
applied to the etalons for the operating temperatures of the etalons. As it is
important to cover the entire wavelength range in order to obtain the continuum
intensity at both sides of the line profile, we have carried out a re-tuning of the
etalons to optimally cover the continuum at both the sides. Since the maximum
allowed voltage which could be applied to the etalon is restricted, the re-tuning
was done by changing the operating temperature. The re-tuning allowed us to
start the line profile scan from a shorter wavelength point in the continuum. The
following example of the Stokes V scan was carried after the re-tuning of the
filters. These observations were taken on April 16, 2016. Here the sunspot in the
active region NOAA AR 12529 (N10, W38) was observed with the polarimeter.
The observations were obtained between 07:00 UT and 07:30 UT. During data
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Figure 5.3: Stokes I and V observations of the active region NOAA AR 12529 in
the spectral line 6173 A. Top Row: Mean intensity (Stokes I) image (left) and its
mean intensity profile (right). Bottom Row: Mean Stokes V image (left) and its
mean profile (right).
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acquisition, the seeing was again moderate. Unlike the previous observations, we
increased the wavelength spacing to 30 mA instead of 27 wavelength positions
which resulted in around 20 spectral positions on 6173 A line for the wavelength
scan. Figure 5.3 shows the images for the wavelength position +75 mA from the
line center and the corresponding mean Stokes V profile (right) for the entire
FOV. In this case, the wavelength scan started well in the blue continuum, and

the Stokes V signal also covers enough continuum wavelength points.

5.2.3 Inversion of Spectropolarimetric Data with SPIN

code

Once a set of Stokes profiles is available, an inversion techniques is needed to
infer the magnetic and the thermodynamic properties of the solar atmosphere
from the observed Stokes profiles of a particular spectral line. The basic idea of
an inversion technique is to fit the synthetic Stokes profiles to the observed ones
to retrieve the information about the solar atmosphere.

The inversion codes are based on the solution of the polarized radiative trans-
fer equations (RTE) in the presence of magnetic field after taking in account
the Zeeman effect and quantum mechanical corrections. In this technique, the
analytical solution of RTE is used to synthesize the Stokes profiles. After synthe-
sis, they are compared with the observed ones using Levenberg-Marquardt (LM)
algorithm fitting techniques. In LM algorithm, fitting is initiated by a set of
guess parameters. During each subsequent iterative process the free parameters
are modified to minimize the difference between the observed and the synthetic
Stokes profiles. The final fitted parameters are treated as the model of the solar
atmosphere.

A new Stokes Profile INversion (SPIN) code has been developed specif-
ically to invert the spectropolarimetric data of the MAST at USO. SPIN code

(Yadav et al. 2017) has adopted Milne-Eddington approximations to solve the po-



92 Chapter 5. Spectropolarimetric Observations from MAST

Continuum

- [

Stokes V map

Magnetic field (G) LOS velocity (Km/sec)

0 93 186 279 372 465 558

600

500

400

300

200

100

0 100 200 300 400 500 600

Figure 5.4: Inverted maps of NOAA AR 12648 retrieved from SPIN: The top left
figure shows one of the continuum intensity map whereas the right figure is for
the Stokes V map at a wavelength position ~ —125 mA from the line center. The
bottom left Figure displays the map for the LOS magnetic field whereas the right
Figure displays the LOS velocity map.



5.2. Spectropolarimetric Observations in Longitudinal Mode 93

0.90 9
[ ]
0.851 .
0.80 .
5
S i
0.75F .
0.70 F .
® Observed
0.65 } — Synthetic 7
L P R YRR SS== /R R AR Lvv v i v
~0.3 ~0.2 ~0.1 0.0 0.1 0.2

Figure 5.5: The observed and synthetic Stokes I profiles obtained using SPIN for
a pixel location (200,100) in a pore shown in Figure 5.4.

larized radiative transfer equation (RTE) and a modified Levenberg-Marquardt
algorithm has been employed for the fitting.

The observations described in this section were recorded under moderate see-
ing for a small pore and an internetwork region in the active region NOAA AR
12648 on April 7, 2017 between 4:35 UT and 4:45 UT. The active region was
located at SO3 and W05 near disk center. FP etalons of the narrow-band imager
were sequentially tuned to 17 positions on the 6173 A line, with 25 mA wave-
length spacing. At each wavelength position, 50 pairs of LCP and RCP images
were obtained with an exposure time of 60 ms to increase the signal to noise ratio
(S/N). Before analyzing the observed Stokes profiles, all Stokes images are dark
subtracted and flat fielded using the standard approach. After the dark and flat
field correction the Stokes I and V profiles have been inverted using SPIN code.
Inverted results are shown in Figures 5.4, 5.5, and 5.6. The top left panel of Fig-
ure 5.4 shows one of the continuum intensity map whereas the right panel is for
the Stokes V map at a wavelength position ~ —125 mA from the line center. The
bottom left panel displays the map for the LOS magnetic field whereas the right
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Figure 5.6: The observed and synthetic Stokes V profiles obtained using SPIN
for a pixel location (200,100) in a pore shown in Figure 5.4.

Figure displays the LOS velocity map. Figures 5.5 and 5.6 show the observed
and synthetic Stokes I and V profiles obtained using SPIN for a pixel location
(200,100) in a pore.

5.2.4 Stokes V Observations in 8542 A

In this section, we report the circular polarization measurements obtained in the
spectral line 8542 A line. The measurements were carried out with the second
pair of LCVRs specifically procured for this wavelength. The imager is tuned to
the blue wing —150 mA from the line center. The LCVR is sequentially switched
between voltages corresponding to the modulation voltages for the left and right
circular polarizations. A pair of 100 images were obtained for this measurement
with an exposure time of 120 ms for each image. In Figure 5.7, left panel shows
one of the selected I4+V images from these observations, whereas the right panel
shows the mean V image at the above wavelength point. A clear Stokes V signal
is present in the difference image (Figure 5.7, right). The seeing variations and

the long exposure times produce artifacts, which will be expected to be reduced
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Figure 5.7: LOS observations in the spectral line 8542 A of the active region
NOAA AR 12546 (S07, E19) observed on May 18, 2016 between 08:30 UT and
08:36 UT using MAST polarimeter. Images of I+V (left) and mean Stokes pa-
rameter V (right) at a wavelength position —150 mA from the line center.

by the ongoing adaptive optics installation. In the above observations, the images
were taken only at one wavelength position, but the filter can be tuned over a
considerable part of the 8542 A line profile, which will be done in the future

observations. The linear polarization measurement is also planned for this line.

5.3 Preliminary spectropolarimetric observations

in vector mode for 6173 A

By operating the polarimeter in vector mode, we have carried out observations on
December 19, 2015. The active region NOAA AR12470 (N15, WO07) was observed
during the period 06:00 UT and 07:30 UT. Four images were obtained sequen-
tially by applying appropriate voltages (listed in Table 4) to the LCVRs. From
the observed intensity images, Stokes, I, Q, U and V images were computed for
each wavelength position. Similar to the longitudinal mode the images in vector

mode were acquired by scanning the line profile with 15 mA spacing and at 27
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Figure 5.8: Stokes images obtained using vector mode of operation for NOAA
AR 12470 at 6173 A are shown here. Top panels show Stokes I (left), Q (right).
Bottom panels show Stokes U (left) and V (right).
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wavelength positions. Top left and right panels of Figure 5.8 show the Stokes I,
and Q, the bottom left and right panels of Figure 5.8 show the U and V images,
respectively. These images of Stokes parameters are shown for a wavelength po-
sition at +75 mA from line center on the line profile. Figure 5.9 shows respective
Stokes profiles for the single point marked by a star in the Stokes I image (Figure
5.8). A thorough analysis and demodulation of the linear polarization measure-
ment requires the knowledge of the instrumental polarization. For this purpose,
we are currently introducing a large (50 cm) sheet linear polarizer which can be
rotated, in front of the primary mirror (see Figure 6.1). This will enable us to
characterize the telescope polarization before extracting the Stokes information
from these measurements.

Figure 5.10 shows the images of Stokes parameters I, Q, U, and V before
and after the application of response matrix Xy asr. This sunspot is a part
of an active region NOAA 12645 which was observed on March 31, 2017. The
observations were obtained between 04:35 UT and 05:30 UT when the seeing was
moderate. The demodulated Stokes parameters are now free from the cross-talk
arising due to polarimeter itself and the other components coming in between
the calibration unit and polarimeter. However, the cross-talk from the telescope
itself will be removed after the determination of telescope matrix as discussed in

the next chapter.

5.4 Summary

After the calibration of polarimeter, it is integrated with narrow-band imager.
Spectropolarimetric observations using MAST have been made for selected active
regions in both photospheric and chromospheric heights. These observations have
been used to obtain Stokes parameters both in LOS and vector modes. We have
also compared the Stokes I and V observations from MAST with those of HMI as

it also observes in same wavelength (6173 A). Qualitatively, the two observations



5.4. Summary 99

"
= ]

»
. - »

4

o

A~

.
8
»

-

'
"‘

L)

~
L)

~

Figure 5.10: Top and bottom rows show the Stokes I, Q, U, and V before and
after the application of response matrix X of MAST.

matches well, considering the fact that MAST observations are limited by seeing.
The Stokes parameters I and V have been inverted using the SPIN inversion
code to estimate the LOS magnetic and velocity fields. For the initial tests,
LOS observations were acquired by scanning the line profile of Fe I 6173 A at 27
wavelength positions with a sample of 15 mA. We have a plan to minimize the
number of wavelength positions to 8-12 to improve the observation cadence. The
vector magnetic field data can be used for scientific purposes after the removal of

the instrumental polarization from the all the Stokes profiles.






Chapter 6

Summary and Future Plan

Solar magnetic fields are the fundamental cause of all forms of observed quiet
and active phenomena at a large range of temporal and spatial scales. Therefore,
measurement, of solar magnetic field is very important. In this thesis, we have
described the development of an imaging based spectro-polarimeter as a back-end
instrument of MAST for measuring the solar magnetic fields in two wavelength
6173 A and 8542 A. Major part of the thesis deals with the description of the
development of polarimeter. It includes discussion about the characterization
of the polarimeter components and calibration of the polarimeter. In addition
we have also presented the obtained Stokes parameters by observing solar active
regions with our instrument and then compared spectropolarimetric observations
from MAST/USO with the observations from HMI/SDO. In the following, we

briefly summarize the thesis work, and then discuss the future work.

6.1 Summary

Multi-Application Solar Telescope (MAST), a 50 cm off-axis Gregorian telescope,
was installed at Udaipur Solar Observatory (USO), India, which has been made
operational recently. For understanding the evolution and dynamics of solar

magnetic and velocity fields, an imaging spectropolarimeter has been developed

101
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at USO as one of the back-end instruments of MAST. This system consists of
a narrow-band imager and a polarimeter. This instrument is capable for the
near simultaneous observations in the spectral lines at 6173 A and 8542 A, which
are formed in the photosphere and chromosphere, respectively. The focus of this
thesis is on the development of a polarimeter for measuring the polarization signal
induced in the photosphere and chromosphere. The polarimeter includes a linear
polarizer and two sets of Liquid Crystal Variable Retarders (LCVRs). It is known
that the retardance of LCVR depends on the voltage and temperature. Voltage

at a constant temperature is used for fast modulation.

However, fluctuations in the temperature and voltage reduces the accuracy
in the polarimetric measurements. Thus we have characterized LCVRs of the
polarimeter for various combinations of voltages and temperatures. Further, to
achieve a sufficient polarimetric accuracy of 1072 | it is necessary to measure the
response matrix of the polarimeter at regular intervals. The response matrix gives
the deviations from the ideal theoretical polarimeter. The measurement of the
response matrix of the polarimeter is performed by introducing a calibration unit
(CU) consisting of a linear polarizer and a zero order quarter wave plate (QWP).
Both elements are placed in computer controlled rotating mounts. The calibra-
tion unit is placed just after the folding mirror (M6) of MAST. Thus, during
operations with MAST, calibration unit is used to generate known polarization
by rotating QWP. The polarimeter response function or X-matrix is determined
from a comparison between created input and measured output. The application
of the inverse matrix (X ') on the measured Stokes vector removes the cross-talk

arises due to properties of the polarimeter components.

In the thesis, we have presented spectropolarimetric observations of various
active regions obtained with the imaging spectropolarimeter for MAST. For veri-
fication, we have made comparison of line-of-sight observations of a selected active
region obtained from the HMI with that obtained from observations in the spec-

tral line 6173 A from MAST telescope. We found good agreement between both
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the line-of-sight observations, considering the fact that MAST observations are
limited by atmospheric seeing.

It is important to note that MAST is a nine mirror system with two off-axis
parabolic and seven plane oblique mirrors, the oblique reflections of these mir-
rors complicate the measurement as the instrumental polarization corrupts the
incoming radiation. In order to get the vector magnetic field observed Stokes pro-
files need to corrected for telescope polarization. We have planned to obtain the
telescope polarization matrix both theoretically and experimentally. The thesis
is concluded with a discussion on the ongoing experiment for the determination

of telescope matrix using a sheet linear polarizer.

6.2 Future Plan

As discussed in the previous chapter, it is very clear that for deriving the vec-
tor magnetic field accurately from the observed Stokes profiles it is required to
remove the effect of instrumental polarization of the telescope from the obser-
vations. It is important to note that MAST is a nine mirror system with two
off-axis parabolic and seven plane oblique mirrors, the oblique reflections of these
mirrors complicates the measurement as the instrumental polarization corrupts
the incoming radiation. We have planned to obtain the instrumental polarization

of the telescope both theoretically and experimentally as discussed below.

6.2.1 Instrumental polarization of the telescope

Knowledge of instrumental polarization is important in order to measure the
polarization properties of the source accurately by avoiding cross-talk between
different Stokes parameters. The following are planned to obtain the polarization

induced by MAST telescope.

e We plan to derive the polarization induced by the two parabolic and seven
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Figure 6.1: Sheet polarizer is placed in a rotating mount on the sunshield of
MAST.
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flat mirrors analytically by including different parameters of the mirrors.

This includes the derivation of Mueller matrices for each of the components.

e We will cross-check these Mueller matrices by using optical design software,
ZEMAXT™  We plan to use the ZEMAX for deriving instrumental polar-
ization due to entire optical system, which may be too complicated to derive

analytically.

e We plan to verify the derived instrumental polarization experimentally us-
ing a sheet polarizer in a rotating mount in front of the primary mirror
(Figure 6.1). We will determine the telescope matrix by measuring the dif-
ferent known polarization generated by rotating linear polarizer, with the
polarimeter. This experiment has been already started where sheet polar-
izer with a rotating mount has been mounted on the sunshield as shown in

Figure 6.1.
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Abstract The Multi-Application Solar Telescope (MAST) is a 50 cm off-axis Gregorian
telescope that has recently become operational at the Udaipur Solar Observatory (USO). An
imaging spectropolarimeter is being developed as one of the back-end instruments of MAST
to gain a better understanding of the evolution and dynamics of solar magnetic and veloc-
ity fields. This system consists of a narrow-band filter and a polarimeter. The polarimeter
includes a linear polarizer and two sets of liquid crystal variable retarders (LCVRs). The in-
strument is intended for simultaneous observations in the spectral lines 6173 A and 8542 A,
which are formed in the photosphere and chromosphere, respectively. In this article, we
present results from the characterization of the LCVRs for the spectral lines of interest and
the response matrix of the polarimeter. We also present preliminary observations of an ac-
tive region obtained using the spectropolarimeter. For verification purposes, we compare the
Stokes observations of the active region obtained from the Helioseismic Magnetic Imager
(HMI) onboard the Solar Dynamics Observatory (SDO) with that of MAST observations in
the spectral line 6173 A. We find good agreement between the two observations, considering
the fact that MAST observations are limited by seeing.

Keywords Instrumentation - Polarimeter - Polarization - Magnetic fields

1. Introduction

Solar activity is driven by the spatio-temporal distribution of the magnetic field (e.g. Solanki,
2003; Borrero and Ichimoto, 2011; Stix, 2004). Precise measurements of the magnetic field
in the solar atmosphere are therefore of fundamental importance. For more than a century,
the Zeeman effect (Zeeman, 1897) has been recognized as the most authentic tool to derive
the magnetic field of sunspots and pores in the photosphere (Stenflo, 2015, and references
therein). With the advancement of instrumentation capabilities, we can now measure the
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Zeeman signals of a small-scale structure in the photosphere as well as in the chromosphere
(Trujillo Bueno, 2014; Wiegelmann, Petrie, and Riley, 2015). However, the Zeeman effect
becomes insensitive for estimates of the weak field in the corona. Therefore, we rely on the
Hanle effect (Hanle, 1924) for coronal magnetic field measurements. In special cases, these
two effect can be combined to obtain magnetic field measurements in different atmospheric
layers of the Sun (Lagg et al., 2015).

In the presence of a magnetic field, light becomes polarized and depolarized. The po-
larization of light is described in terms of the Stokes parameters I, Q, U, and V (Chan-
drasekhar, 1960; Born and Wolf, 1999), where I gives the total intensity, Q and U represent
the linear polarization, and V represents the circular polarization. The spectropolarimeter
consists of a filtergraph/spectrograph and a polarimeter and is employed to derive the so-
lar vector magnetic fields by measuring Stokes I, Q, U, and V. Generally, two different
techniques have been commonly used for spectral analysis: (1) imaging-based (filter), and
(2) slit-based. For a polarization analysis, either a single-beam polarimeter or a dual-beam
polarimeter is employed. In imaging-based spectropolarimetry, 2D images are obtained in
a sequence by tuning a narrow-band filter to different wavelengths along the spectral line
profile of interest. Modern imaging spectropolarimeters employ either a single or a multiple
Fabry—Perot (FP) etalon as narrow-band filters because of their high transmission and fast
tuning capability. A few examples of the currently working imaging spectropolarimeters are
the GREGOR Fabry—Perot instrument (GFPI; Denker et al., 2010, Puschmann, 2016, and
references therein), the KIS/IAA Visible Imaging Polarimeter (VIP; Beck et al., 2010), the
CRisp Imaging Spectro-Polarimeter (CRISP, Scharmer et al., 2008), the Gottingen spec-
tropolarimeter (Bendlin, Volkmer, and Kneer, 1992; Bello Gonzdlez and Kneer, 2008), the
Interferometric Bldimensional Spectrometer (IBIS; Cavallini, 2006), and the Imaging Vec-
tor Magnetograph (IVM; Mickey et al., 1996). The Imaging Magnetograph eXperiment
(IMaX; Martinez Pillet et al., 2011), which has flown onboard the Sunrise balloon mis-
sion (Barthol et al., 2011), is another example of an imaging spectropolarimeter using a
voltage-tunable lithium niobate Fabry—Perot etalon. These instruments differ in the num-
ber of etalons and the optical configuration (telecentric or collimated). On the other hand,
a slit-based spectropolarimeter obtains the spectrum by scanning the required field of view
(FOV) in sequence. Examples of slit-based spectropolarimeters are the Diffraction Limited
Spectro-Polarimeter (DLSP; Sankarasubramanian et al., 2003), the POlarimetric Llttrow
Spectrograph (POLIS; Beck et al., 2005), the Spectro-Polarimeter for Infrared and Optical
Regions (SPINOR; Socas-Navarro et al., 2006), and spectropolarimeter of the Solar Opti-
cal Telescope (SOT) onboard the Hinode spacecraft (Ichimoto et al., 2008; Tsuneta et al.,
2008). Based on the scientific requirement, either of the two techniques described above
are preferred. However, with the advances in technology, these two techniques yield similar
results.

In order to measure the vector magnetic field in the solar atmosphere, we have devel-
oped an imaging spectropolarimeter for the Multi-Application Solar Telescope (MAST)
(Denis et al., 2008, 2010; Mathew, 2009) that has recently been installed at the lake site
of the Udaipur Solar Observatory (USO). It is an off-axis Gregorian telescope with a 50
cm aperture. Along with adaptive optics system, the telescope is designed to provide near
diffraction-limited observations. One of the scientific objectives of MAST is to study the
evolution of the vector magnetic field in the solar atmosphere at different heights and its
connection to various solar activities. The imaging spectropolarimeter for MAST consists
of a narrow-band imager (Raja Bayanna et al., 2014) and a polarimeter, which are used to
measure the Stokes vector at two different wavelengths, i.e. at 6173 A and 8542 A, corre-
sponding to photospheric and chromospheric heights, respectively.
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This article is organized in the following manner. Section 2 describes the design of the
polarimeter and the modulation scheme to measure the Stokes vector. The characterization
of the liquid crystal variable retarders (LCVRs) with voltage and temperatures are discussed
in Section 3. In Section 4 we explain the response matrix of the polarimeter derived using an
experimental setup in the laboratory. Preliminary observations obtained with our instrument
are presented in Section 5. A summary of the article is provided in Section 6.

2. Polarimeter Schematic and Components

A polarimeter measures the polarization of light by modulating the input polarization into
measurable intensities. In general, the polarization analysis can be made in two ways (Del
Toro Iniesta, 2003, and references therein): (a) Temporal polarization modulation, or single-
beam polarimetry. Here, the different polarization measurements are obtained sequentially.
The time gap between the measurements could introduce seeing-related spurious signals
in the difference image (Lites, 1987; Leka and Rangarajan, 2001). This can be minimized
either by compensating for the atmospheric turbulence by adaptive optics, or by imple-
menting a very fast modulation scheme, wherein one modulation cycle is completed before
atmospheric seeing changes completely, or by both. However, this imposes stringent re-
quirements of the polarization modulator. (b) Spatial polarization modulation or dual-beam
polarimetry (Lites, 1987) can also be used for the polarization analysis. Here the orthogonal
polarization states are separated by means of the polarizing beam splitter or displacer, and
the two beams are recorded simultaneously. This cancels out the fluctuations in the Stokes /
to the other Stokes parameters that is caused by atmospheric seeing (Martinez Pillet et al.,
2011). Since both the beams are used for the final computation of the Stokes parameters,
this method improves the signal-to-noise ratio (S/N) by a factor of +/2 as compared to the
single-beam polarimetry. However, different optical paths for the measurements of two po-
larization states might introduce a systematic error. This places a stringent requirement on
the quality of the two optical paths in the experimental setup. It also requires a larger area
of the detector to accommodate a larger FOV.

Although dual-beam polarimetry is more advantageous than single-beam polarimetry, we
preferred to use the single-beam setup to perform the polarization analysis over a larger FOV.
The fast modulation scheme with liquid crystal variable retarders along with a matching
fast camera readout enable us to complete the modulation cycle before the seeing changes
significantly. With a suitably large format camera and a polarizing beam displacer, we plan
to implement the dual-beam spectropolarimetry at MAST at a later stage.

The main components of the MAST polarimeter are LCVRs for polarization modulation
and a Glan—Thompson polarizer as analyzer. Many recent polarization modulators also use
liquid crystals, in which retardance (as in nematic liquid crystals) or fast axis (as in ferro-
electric liquid crystals) can be changed by applying voltages (Heredero et al., 2007, and
references therein). These modulators allow us to implement fast modulation schemes by
avoiding mechanical motions and beam wobble as in the case of rotating retarders (Heredero
et al., 2007). In MAST, two sets of LCVRs along with a linear polarizer are used to obtain
the Stokes parameters. LCVRs for the MAST polarimeter are custom-made nematic lig-
uid crystal devices with an aperture size of 80 mm, procured from Meadowlark Optics,
USA. Figure 1 shows the schematic of the MAST polarimeter. The fast axes of LCVRI1
and LCVR2 are fixed at 0° and 45° with respect to the linear polarizer (LP), respectively.
Light from the telescope enters through LCVR1, passes through LCVR2, and exits from the
LP. Both LCVRs and the LP are mounted on rotating mounts to adjust for the angles. The
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Figure 1 Schematic layout of
the polarimeter for MAST. The %
fast axis of the first liquid crystal

variable retarder (LCVRI1) and m m =
the second liquid crystal variable v z
retarder (LCVR?Y) are kept at 0°

and 45° with respect to the linear
polarizer. LCVR1 LCVR 2 Linear Polarizer

Figure 2 Imaging polarimeter LCVR1 LCVR2 LP
for MAST at USO. From left to

right, we show LCVR1, LCVR2,
and the linear polarizer. LCVR1
and LCVR?2 are kept at 0° and
45° with respect to the linear
polarizer (LP), respectively.

photograph of the installed system is shown in Figure 2. The temperature of the LCVRs is
actively controlled using flexible heaters that are fixed on the holder; a temperature sensor
in a closed loop provides a thermal stability of £ 1°C.

The retardance of the LCVR can be changed by applying voltages. The modulation volt-
ages for the LCVRs are supplied from a Meadowlark digital interface. The amplitude of the
basic 2 kHz square waveform can be adjusted by an input DC voltage or counts provided
from the software through a USB computer interface. Modulation voltages in the range of
0—10 V with 16-bit accuracy can be applied to the LCVRs from this interface. C-programs
have been written for the image acquisition in synchronization with the modulation voltages.
The modulation scheme employed here is described in the following subsection.

2.1. Modulation Scheme for the MAST Polarimeter

As discussed in the previous section, the MAST polarimeter consists of two LCVRs and a
linear polarizer. The Stokes vector of input light (Si,) at LCVRI1 and the Stokes vector of
output light at LP (S,y) are related using the Mueller-matrix formalism by the following
equation:

Sout = MpMic2 (Y, 62)Mici (8, 01)Sin = Mg Sin, (1)

where Mp, My (8, 0;), and M, (y, 6,) are the Mueller matrices of the linear polarizer,
LCVRI1 and LCVR2, respectively. The fast axes of LCVR1 and LCVR2 with respect to
the transmission axis of the linear polarizer is represented by 6; and 6,, respectively. The
retardance of LCVRI1 and LCVR2 are given by § and y, respectively. My is the resulting
Mueller matrix of the polarimeter for a particular value of 4, y, 6, and 6,.
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Using the Mueller matrix of the retarder and polarizer in the Equation (1), we can ex-
press the intensity /, measured at the CCD, as a linear combination of all the input Stokes
parameters,

I; =8, =18 +a;Si, +b;S5, +¢c;S, 2)

out n’

where the parameters [1,a;, b;, c;] are the first row of Mg, which depends on 6y, 6,, §,
and y. Here j runs over the number of observations (from 1 to n). From Equation (2),
we can measure n number of intensities for different combinations of retardances and fast
axis orientations of the two LCVRs. However, it is always preferred to have a minimum
number of intensity measurements to infer all the Stokes parameters (del Toro Iniesta and
Collados, 2000). For vector polarimetry, at least four measurements (n > 4) are needed,
while longitudinal polarimetry can be made with only two measurements (n > 2). For n
intensity measurements, a modulation scheme is therefore fully characterized by a (n x 4)
modulation matrix O built from the »n first rows of Mg,

Ineas = OSin- (3)
The Stokes vector is derived using the equation
Sin - O_IImeas - DImeas- (4)

If n =4, then O is a 4 x 4 matrix, so its inverse will be unique. If n = 6, however, then O is
6 x 4 matrix, which is not a square matrix, and its inverse will not be unique. Hence, when
D is not a square matrix, it is determined using the equation (del Toro Iniesta and Collados,
2000)

D=(0"0)"'0". (5)

The efficiency of the modulation scheme is defined as

; ~12
. < Zij> , ©
j=1

where, e, e, e3, and ey are the efficiencies for measuring the Stokes parameter 1, Q, U,
and V, respectively.
For a four-measurement modulation scheme (n = 4),

I S
14 Sin

I meas — 13 =0 Sz s (7)
Iy S3

where O is the modulation matrix, given as

1 aq b] C1

_ 1 ar b2 (&)
0= 1 as b3 C3 (8)

1 ag b4 Cyq

For the polarimeter configuration shown in Figure 1, the orientation of the fast axes of
LCVRI1 and LCVR2 is fixed at 6; = 0°, and 6, = 45°, respectively (Martinez Pillet et al.,
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Table 1 Four-measurement

modulation scheme (Martinez 5 (°) v ©) Measured intensity /meas

Pillet et al., 2004) for vector

polarimetry. 315.0 305.264 Lh=1+0Q/3+U/3+V/V/3
315.0 54.736 L=I1+0/V3-U/J3-V/J/3
225.0 125.264 L=1-Q/V3-U/J3+V/J/3
225.0 234.736 ILy=1—-Q/V3+U/V3-V/V/3

Table 2 Six-measurement N R

modulation scheme (Tomczyk § () v ) Measured

et al., 2010) for vector intensity /meas

polarimetry.
180.0 360.0 Lh=I1+0
180.0 180.0 L=I1-0Q
090.0 090.0 L=1+U
090.0 270.0 Iy=1-U
180.0 090.0 Is=1+4+V
180.0 270.0 Ig=1-V

2004). Using different combinations of retardances of LCVR1 and LCVR2, i.e., § and y,
four- and six-measurement modulation schemes are implemented for vector polarimetry at
MAST. The modulation schemes of the four and six measurements are listed in Tables 1
and 2.

The modulation matrix (O) for the four measurement modulation scheme is given by

1 0.57735 0.57735 0.57735

1 057735 —0.57735 —0.57735 )
1 —-0.57735 —-0.57735 0.57735 |°

1 -0.57735 0.57735 —0.57735

0=

For this modulation scheme, the maximum efficiencies are determined from Equa-
tions (5) and (6) as ey =1, e = 0.57735, e3 = 0.57735, and e4 = 0.57735.

Similarly, the modulation matrix for the six-measurement modulation scheme can be
expressed as a 6 x 4 matrix,

1 1 0 0
1 -1 O 0
1 0 1 0
O=11 o -1 o (10)
1 0 0 1
1 O 0 -1
For this modulation scheme, the maximum efficiencies are determined as e¢; = 1,

e, =0.57735, e3 = 0.57735, and e4 = 0.57735. These are the maximum efficiencies that
an ideal polarimeter system can have (del Toro Iniesta and Collados, 2000).

The two modulation schemes provide equal modulation efficiencies for the measurement
of Q, U, and V (Del Toro Iniesta and Martinez Pillet, 2012). Either of these modulation
schemes can be used for the measurement of all the Stokes parameters in vector polarime-
try. Measurement of all the Stokes parameters is required to obtain the vector magnetic
field, while the longitudinal magnetic field can only be obtained from Stokes / and V. The
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Table 3 Modulation scheme for

longitudinal polarimetry. ©) y () Measured
intensity Imeas
360.0 90.0 L=I1-V
360.0 270.0 Lh=I+V

longitudinal measurement can be obtained by two intensity measurements. The modulation
scheme for longitudinal polarimetry is listed in Table 3.

The relation between the incoming Stokes vector and the measured Stokes vector is given
as (Beck et al., 2005)

Smeas :X-Sin’ (11)

where X is the 4 x 4 square matrix known as response matrix, which includes all the pro-
cesses for polarimetric measurement such as properties of optical components, modulation
schemes, and their demodulation (de Juan Ovelar et al., 2014; Beck et al., 2005). Further-
more, X can be expressed as

X =DO. (12)

In the response matrix of an ideal polarimeter, the diagonal elements will be unity and the
off-diagonal elements will be zero. However, in practice, the off-diagonal elements of the
response matrix will have non-zero values that represent the cross-talk between the Stokes
parameters that is introduced for several reasons (de Juan Ovelar et al., 2014).

3. Characterization of the LCVRs

The LCVR retardance can be tuned by applying voltages. The voltage dependence of the
LCVR retardance is given by the equation (Saleh and Teich, 2007)

.2 2 _%

2 2
A ng ng

where n, and n. are the refractive indices of the ordinary and extraordinary beam, and the
equilibrium tilt angle ® for liquid crystal molecules depends on the applied voltage, which
is described by

T 1 V—VC
® =0, VVfVCZE—Ztan exp| — v , YV >V,
0

where V is the applied voltage, V¢ is the critical voltage at which the tilting process begins,
and Vj is a constant.

The change in the LCVR retardance that is due to temperature can be expressed by a
semi-empirical formula (Li, Gauzia, and Wu, 2004; Capobianco et al., 2008),

T o
3=%A=%(Ln—>, (14)
Tc

where &y is the retardance for A = 1; A denotes an order parameter that describes the ori-
entational order of the nematic liquid crystal. For completely random and isotropic liquid
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Figure 3 Experimental setup for the calibration of LCVRs: In this setup, a light beam coming from a pinhole
source is collimated using a lens C1. Then the collimating light passes through an interference filter (F1),
linear polarizer (P1), and LCVR, whose fast axis is kept at 45° with respect to P1. Finally, light is imaged
by the imaging lens (C2) on the CCD, which is placed in the focal plane of the imaging lens after passing
through analyzer P2.

crystals, A = 0, while for a perfectly aligned sample, A = 1 (Haller, 1975). For a typical lig-
uid crystal sample, A is in the range of 0.3 to 0.8 and generally decreases with temperature
(de Gennes, Prost, and Pelcovits, 1995; Shin-Tson Wu, 2001). In particular, a sharp drop of
A to zero value is observed when the system undergoes a phase transition from the liquid
crystal phase into the isotropic phase. Thus, 7¢ is the nematic—isotropic transition tempera-
ture and « is the critical exponent related to the phase transition. In order to use the LCVRs
in the modulation scheme discussed in the previous section, it is important to exactly know
the retardance and its dependence on voltage and temperature.

3.1. Experimental Setup and Theory

The experimental setup for the characterization of LCVRs is shown in Figure 3. We used a
stabilized DC lamp as a white-light source (S) along with a diffuser to obtain uniform inten-
sity. A lens (C1) is placed in front of the pinhole to collimate the light. An interference filter
(F1) is used to select the particular wavelength for which characterization of the LCVRs
is carried out. The LCVR is placed in between two Glan—Thompson polarizing prisms (P1
and P2). Glan-Thompson polarizing prisms offer a high extinction ratio (1 x 10~°) and high
transmittance for a wavelength band between 3500 — 23000 A (Hecht, 2001). Another lens
(C2) is placed after the analyzer (P2) to image the beam onto a CCD camera to measure the
intensity of the output light. The incoming light is linearly polarized by the polarizer P1. Af-
ter being retarded by the LCVR, whose fast axis is at 45°, the light is analyzed by the second
polarizer P2. Polarizer P2 is mounted on a computer-controlled rotation stage to measure the
intensities at two different orientations. The Stokes vector S, after P2 can be written as

Sout = MPOLMR (S)Sin’ (15)

where Si; =[1 1 0 0]T represents the light that is linearly polarized by the polarizer P1.
M; (6) and Mpgy, are the Mueller matrices for the LCVR and the polarizer P2, respectively.
M7 (6) and Mpg;. can be written as

0 0 0
cos?2¢ + sin*2¢ cosd  sin2¢ cos2¢ (1l —coss) —sin2¢sind
sin2¢ cos2¢ (1 — cos8)  sin’2¢ + cos22¢pcosd  cos2¢ sind
sin2¢ sin § —Co0s2¢ siné cosé

Mz (%) =

S o O =

(16)
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1 cos 20 sin 26 0
1| cos26 cos2 26 sin20 cos26 0

Mpor(6) = 2| sin20 sin26 cos26 sin® 26 0ol a7
0 0 0 0

where ¢ is the orientation of the fast axis with respect to P1, § is the retardance of the LCVR
due to the voltage applied, and 6 is the orientation angle of P2 with respect to P1.

Substituting Mg, Mpor and Sy, in Equation (15), the output intensity (/,,) measured by
the CCD is

1
fow= 5 [1+ cos260(cos®2¢ + sin® 2¢ cos §) + sin 26 sin 2¢ cos 2¢ (1 — cos8)].  (18)
In our setup, we always keep ¢ = 45°. Hence, Equation (18) becomes

1
J— 5[1 + cos 26 cos d]. (19)

For 6 = 0°, where P2 is parallel to P1, the output intensity is
0 1
I, = 5[1 ~+ cosd]. 20)

For 6 = 90°, where P2 crosses P1, the output intensity is

out —

1
10 = 5[1 — cosd]. (21)

Using Equations (20) and (21), the LCVR retardance can be obtained as

§ = cos ! M (22)
I+ Ion )

Thus, by measuring the intensities Iy, for two different angles, 6 = 90° and 6 = 0°,
by rotating the polarizer P2, the retardance § of the LCVR can be estimated for different
voltages. However, this requires prior knowledge of the transmission axis of the polarizers
and the fast axis of the LCVR. Hence, we determined the transmission axis of the polarizers
and the fast axis of the LCVR using the same experimental setup before we carried out the
characterization of the LCVR.

3.2. Determination of the Crossed Position of Polarizers

In order to precisely align the axis of the polarizers P1 and P2, the LCVR shown in Figure 3
was removed from the optical path. By keeping polarizer P1 at a fixed position, polarizer
P2 was rotated from 0° to 180° with respect to P1 with a step size of 1° using a computer-
controlled rotation stage. For each angle, the intensity was measured using the CCD. The
plot between the angle and the measured intensity is shown in Figure 4. Initially, when P1
and P2 are in parallel position, the intensity is maximum. The intensity starts decreasing
with the increase in the angle between them. At crossed position, we obtain the minimum
intensity, which further starts increasing with the increase in the angle between P1 and P2.
This satisfies the equation

Mp; (6 =0°).Mp, (6 = 90°) =0.
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3.3. Determination of the Fast Axis of the LCVR

Knowing the position at which polarizers P1 and P2 cross, we proceed to determine the fast
axis of the LCVR. For this purpose, polarizers P1 and P2 were kept in crossed position and
the LCVR was again placed between them. After this, the output intensity was measured by
rotating the LCVR. Figure 5 shows the plot between the measured intensity and the angle of
the LCVR with respect to P1. The angle at which the minimum intensity is observed is the
angle at which the fast axis of LCVR is parallel to P1. By knowing this angle, we rotated the
fast axis of the LCVR to 45° with respect to P1 for further characterization of the LCVR.
This procedure can be easily understood by solving the following Mueller matrix equation:

Mp; (6 = 0°). Mycvr (¢ = 0°, 8).Mpy (6 = 90°) = 0.

3.4. LCVRs: Voltage Versus Retardance

After determining the position at which the polarizers are crossed as well as fast axis of
LCVRs, we characterized the dependence of the voltage on the retardance of the LCVRs
using the following procedure. Keeping the polarizers P1 and P2 in crossed position and
the fast axis of LCVR at 45° with respect to P1, we applied voltages from O to 10 V in
steps of 0.05 V to the LCVR. At each voltage, five images were taken, and we computed
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Figure 6 Calibration curves of LCVRI1 (top panels) and LCVR2 (bottom panels) at 6173 A showing retar-
dance as a function of voltage. The left (a and c) and right (b and d) panels show the voltages for the required
retardance in vector and longitudinal modes, respectively. Vector mode will be used for the measurement of
all the Stokes parameters, and longitudinal mode will be used only for measuring the Stokes parameters /
and V.

the mean intensity to obtain 7,9 . Following the same procedure, 12 as a function of voltage

was obtained by rotating P2 such that P1 and P2 are in parallel position. In both cases, the
temperature of the LCVR was kept constant at 28°C.

With the measured 12, and 19 at each voltage, the retardance is calculated using Equa-
tion (22). The LCVR retardance (LCVR1 and LCVR2) with voltage for 6173 A and 8542 A
is plotted and shown in Figure 6 and 7, respectively. The characteristics plots between retar-
dance and voltage are used to estimate the voltages required in the two modulation schemes
(vector and longitudinal). Figures 6 (a) and 6 (c) represent the corresponding voltages re-
quired for the retardance in vector-mode modulation scheme (shown by the circle on the
characteristic curve), and Figures 6 (b) and 6 (d) represent the corresponding voltages re-
quired for the retardance in longitudinal-mode modulation scheme for LCVR1 and LCVR2

at 6173 A.
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Figure 7 Calibration curves of LCVRI1 (top panels) and LCVR2 (bottom panels) at 8542 A showing retar-
dance as a function of voltage. The left (a and c) and right (b and d) panels show the voltages for the required
retardance in vector and longitudinal modes, respectively. Vector mode will be used for the measurement of
all the Stokes parameters, and longitudinal mode will be used only for measuring the Stokes parameters /

and V.

Table 4 Obtained voltages for

the required retardance at 6173 A 83 Voltage of 83 Voltage of

in the vector field mode ) LCVRI (V) *) LCVR2 (V)

modulation scheme for the two

LCVRs. 315.0 2.0977 305.264 2.2734
315.0 2.0977 054.736 5.0480
225.0 2.5984 125.264 3.6152
225.0 2.5984 234.736 2.6513

Similarly, panels (a) and (c) of Figure 7 represent the corresponding voltages required for
the retardance in vector-mode modulation scheme, and panels (b) and (d) of Figure 7 repre-
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Table 5 Obtained voltages for

the required retardance at 6173 A 8(1 Voltage of 83 Voltage of

in the longitudinal mode ) LCVRL (V) ©) LCVR2 (V)

modulation scheme for the two

LCVRs. 360.0 1.8681 090.00 4.1608
360.0 1.8681 270.00 2.4539

Table 6 Obtained voltages for

the required retardance at 8542 A 5C1) Voltage of ‘Sg Voltage of

in the vector field mode ®) LCVRI (V) ®) LCVR2 (V)

modulation scheme for the two

LCVRs. 315.0 2.1139 305.264 1.8982
315.0 2.1139 054.736 4.3853
225.0 2.6038 125.264 3.1203
225.0 2.6038 234.736 2.2618

Table 7 Obtained voltages for

the required retardance at 8542 A 3}) Voltage of (Sg Voltage of

in the longitudinal-mode ) LCVRI (V) ®) LCVR2 (V)

modulation scheme for the two

LCVRs. 360.0 1.8749 090.00 3.6031
360.0 1.8749 270.00 2.0736

Figure 8 Retardance variation 500 T~ T T T

with the applied LCVR voltage
for four different temperatures. It —
is evident that as temperature 400f
increases, the LCVR retardance :
decreases.

1005

10

Voltage (V)

sent the corresponding voltages required for the retardance in longitudinal-mode modulation
scheme for LCVR1 and LCVR2 at 8542 A, respectively.

The retardance and their corresponding voltages calibrated for 6173 A from Figure 6 are
listed in Tables 4 and 5 while the corresponding voltages for 8542 A from Figure 7 are listed
in Tables 6 and 7. These values are used for the measurement of the Stokes parameters with
the polarimeter for MAST.
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Table 8 Polarimetric cross-talk

due to change in the temperature 0-U 0>V U—->V
stability (8T) of the thermal °O) cross-talk cross-talk cross-talk
control system.
1.00 1.3 x 1072 1.3 x 1072 1.7 x 1074
0.50 6.5%x 1073 6.5x 1073 4.25 x 1073
0.25 3.2x1073 3,2x 1073 1.04 x 107

3.5. LCVRs: Temperature Versus Retardance

As it is evident from Equation (14) that the temperature also influences retardance of
LCVRs, we have characterized the voltage dependence of an LCVR retardance at four dif-
ferent temperatures, i.e., 28°C, 30°C, 35°C, and 40°C. Figure 8 shows a change in LCVR
retardance with the voltage at different temperatures. As is evident from Figure 8, the LCVR
retardance decreases as the temperature increases. The effect of temperature on the LCVR
retardance can be clearly seen in Figure 9. It shows that the LCVR is more sensitive to the
temperature when it is operated at low voltages (0—4 V) (Li, Gauzia, and Wu, 2004; Capo-
bianco et al., 2008). The greatest change in the retardance with a temperature of ~ —1.5°/°C
is observed at 2.0 V. At present, the LCVRs are kept in a temperature enclosure provided by
the vendor. The temperature stability of the enclosure is = 1°C.

For precise polarimetric measurements, it is important to know the change in response ma-
trix that is due to the fluctuations in the temperature enclosure. As mentioned above, a
+1.0°C variation in temperature causes a change in retardance of —1.5° at most. Incor-
porating the change in retardance, the new response matrix can be written as

0.99983  0.00017  0.01309 —0.01309

0.00017  0.99983 —0.01309 0.01309
—0.01309 0.01309  0.99983  0.00017

0.01309 —0.01309 0.00017  0.99983

X = (23)

Thus, the error in the measurement of response matrix is

0.00017 —0.00017 —0.01309 0.01309
—0.00017 0.00017  0.01309 —0.01309

0.01309 —0.01309 0.00017 —0.00017 |’
—0.01309 0.01309 —0.00017  0.00017

AX=X-X'=

where X is the unity matrix. The matrix elements (3,2), (4, 2), and (4, 3) of X' show the
cross-talk among the Stokes parameters Q, U, and V. In this case, the cross-talk from Q to
U and Q to V is the same and equal to 1.3 x 1072, and the U to V cross-talk is 1.7 x 1074,
As the expected polarimetric accuracy is poorer, we calculated the change in polarimetric
accuracy for different values of temperature accuracy. Table 8 summarizes the calculations.
For a temperature variation of £0.25°C (which can be obtained by optimizing the temper-
ature control system), an error in retardance of £ 0.38° is caused (as shown in Table 8), and
the cross-talk is on the order of 1073, which would be acceptable for our scientific stud-
ies. Therefore a temperature control system that can maintain an LCVR temperature within
£0.25°C will be constructed and used for the measurements of the Stokes parameters.
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Figure 9 Left: change in retardance with the change in temperature for different voltages. Right: retardance
derivative with respect to the temperature as a function of voltage, which shows that the LCVR is insensitive
to temperature for higher voltages.

3.6. LCVRs: Change in the Orientation of the Fast Axis with the Voltage

It is presumed that the angular position of the LCVR fast axis is independent of the voltage;
only the retardation changes according to the voltage. In practice, however, it is observed
that the position of the fast axis also changes with the voltage (Terrier, Charbois, and De-
vlaminck, 2010). In order to see the effect of voltage on the orientation of the fast axis of the
LCVR, we performed the following experiment. Two polarizers P1 and P2 were placed in a
collimated beam keeping P1 at a reference position, and the intensity was measured by ro-
tating P2 from 0—180°. After determining the position at which polarizers P1 and P2 cross,
the LCVR was placed between P1 and P2. The orientation of the LCVR was adjusted such
that the fast axis of the LCVR was parallel to polarizer P1 (Figure 10). In this configuration,
rotating P2 gives exactly the same type of intensity variation as in the case of crossed lin-
ear polarizers. Without changing the orientation of the LCVR, we applied different voltages
(between 0—10 V) to the LCVR and measured the intensity variation by rotating P2. We
observed that (Figure 10, left) the intensity variation is again sinusoidal, and the sinusoid
pattern for different voltages is shifted with respect to the reference sinusoid (no LCVR).
The difference between the reference position (no LCVR or without voltage) and the actual
position for different voltages was measured and plotted against the applied voltage for the
LCVR (see Figure 10, right).

As shown in Figure 10 (right), the maximum shift obtained in the orientation of the fast
axis of the LCVR is 8° at 2.5 V. This shows that it is important to know the change in the
response matrix that is due to the shift in the orientation of the fast axis. The new response
matrix caused by the change in the orientation of the fast axis (8°) is

0.99454 0.03327  0.05467 —0.08248
X' — 0.03327 0.99454  0.05467 —0.08248 (24)
~ 1 0.30782 —0.20404 0.92874 —0.03252 |-

0.30782 —0.20404 —0.03252 0.92874

@ Springer



49 Page 16 of 31 A.R. Tiwary et al.

1.0 ‘
I /
» 0.8F .
.2 i
D —
[ (]
Q9 06 - o
£ 8 I
§ z
— L i (0]
S 0.4 2 ]
S A ]
0.2 / No-levr
" [Vol=0.0V ----. 1
r vol=20V — — |4
L /) vol=40V —- - || i
000 v N/ |
0 50 100 150 200 N N N R

Angle (degree) 0 2 4 6 8 10
Voltage (Volt)

Figure 10 The left panel shows the intensity variation with the change in angular position of polarizer P2
with reference to polarizer P1 for different voltages applied to the LCVR. The right panel shows the shift
in position of the fast axis with the voltage applied to the LCVR, in which reference is taken as the LCVR
(without voltage) position.

The measurement error of the modulation matrix is

0.00546  —0.03327 —0.05467 0.08248
AX =X - X' — —0.03327 0.00546 —0.05467 0.08248
N | —0.30782 0.20404  0.07126 0.03252 |°

—0.30782  0.20404  0.03252 0.07126

where X is the unity matrix. The matrix elements (3,2), (4, 2), and (4, 3) of X’ show the
cross-talk among the Stokes parameters Q, U, and V. In this case, the cross-talk from Q to
U and Q to V is the same and equal to 2.0 x 107", and the U to V cross-talk is 3.2 x 1072.

As is evident from this analysis, the cross-talk in the Stokes measurement resulting from
the drift in the LCVR fast axis while applying voltages is considerably large and needs to
be taken into account. The theoretical modulation matrix O (Equation 9) is modified by
including the drift in the fast axis for corresponding voltages. This modified modulation
matrix is used for the demodulation of the observed Stokes profiles (Terrier, Charbois, and
Devlaminck, 2010).

4. Experimental Determination of the Polarimeter Response Matrix

As discussed in Section 2.1, the relation between the incoming Stokes vector and the mea-
sured Stokes vector can be written as

Smeas :X-Sin, (25)

where X is the 4 x 4 element response matrix. The response matrix of the polarimeter can
be determined experimentally from the measured Stokes parameters of the known input
polarizations that are generated by a calibration unit consisting of a zero-order quarter-wave
plate (QWP) and a linear polarizer. We computed the response matrix of the polarimeter
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Figure 11 Experimental setup for the calibration of the response matrix for the MAST polarimeter. In this
setup, a light beam is collimated using lens L1, and then collimating light passes through an interference filter
(F). The calibration unit consists of a linear polarizer (P1) and a zero-order quarter-wave plate (QWP), and
the polarimeter consists of two LCVRs (LCVRI and LCVR2) and a linear polarizer (P2). Finally, an image
is formed by the imaging lens on the CCD, which is placed in the focal plane of the imaging lens.

in the laboratory using the experimental setup shown in Figure 11 for the two wavelengths
(6173 A and 8542 A).

To calibrate the response matrix, the calibration unit (CU) was placed in the beam before
the polarimeter module, as shown in Figure 8. The orientation of the axes was determined
with an accuracy of & 1° for the linear polarizer, and 4 0.5° for the QWP of the CU, which
was fixed on a computer-controlled rotating mount. To determine X of the polarimeter, 80
known polarization states were created by rotating QWP from 0—160° with a step size of 2°
and measured by the polarimeter using the four-intensity-measurement modulation scheme
(Table 1) and the six-measurement modulation scheme (Table 2), as discussed in Section 2.1.
We computed the response matrix of the polarimeter using both schemes. Here, we discuss
in detail the response matrix calibration using the four-measurement modulation scheme.
For the configuration shown in Figure 11, the input Stokes vector can be written as

Sin =Mowr(8,,8).Mp;(6,).[1 0 0 0],

where 6, and 6, are the orientation of the retarder and polarizer of the CU relative to the
reference axis, and 6 is the QWP retardance. In our case, we fixed 6, at 0°. The input Stokes
parameters for different retarder orientation are then given by

I=1,
0 = cos?(260) + sin®(26).cos(3),

! (26)
U = sin(26). cos(26).(1 — cos(8)),

V = —sin(26). sin(5).

For n orientations of the CU retarder, the polarimeter response matrix is calibrated from the
measurements after rearranging the Stokes vector into n x 4 matrices by a solution of the
linear problem,

Smeas = X.Sin.
Multiplying by S from the right in this equation,

Smeas- St = X.8in.S1 =X.D,
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Figure 12 Plots of input Stokes parameters and demodulated Stokes parameters calculated at each position
angle of the QWP of the CU for 6173 A.

where
D=S;.S".
Therefore, the final expression for response matrix is

X = Speas- St D7 (27)

Hence, the response matrix for 6173 A is determined from the above equation using the
input, and the measured Stokes vector is given by

1.0000 —0.0507 —0.0054 —0.0595
—0.0090 0.8946 —0.1618 —0.0369
—0.0447 —-0.0639 0.8314  0.0734
—0.0474 —0.1494 0.0647  0.9665

X§'" = (28)
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Figure 13 Plots of input Stokes parameters and demodulated Stokes parameters calculated at each position
angle of the QWP of the CU for 8542 A.

Thus, the real incoming Stokes vector S, can be calculated from the observed Stokes vector
and the measured response matrix as

Sin = X_l -Smeas-

The input and the demodulated Stokes parameters at each CU retarder orientation are shown
in Figure 12.

Similarly, we determined the response matrix of the polarimeter at 8542 A, given by

1.0000  0.0006  0.0349  —0.0965
s _ | —0.0009  0.8931  —0.1053  0.0041 29
4 —0.0135 —0.0616 0.9073 —0.1809 |

0.0873  0.0452  0.1948  0.9115

and plots for the input and demodulated input Stokes parameters are shown in Figure 13.
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Figure 14 Schematic diagram of the imaging polarimeter for MAST. In this setup, an F/12 beam from the
telescope is collimated using lens L1. The collimating beam passes through the narrow-band imager and
consists of two Fabry—Perot etalons (FP1 and FP2) and the prefilter F1. The polarimeter consist of two
LCVRs, and a Glan-Thompson polarizer is kept in between the CCD and the imaging lens (L2) in the
converging beam. The F-number of the converging beam is 18.

4.1. Response Matrix for the Six-Measurement Modulation Scheme

Similarly, we also computed X when the Stokes parameters were obtained by the six-
measurement modulation scheme and the other procedures were the same as discussed
above. The response matrix of the polarimeter for 6173 A is

1.0000 —0.0084 0.0153 —0.0016
0.0009  0.9493 0.0265  0.1462

Xg" = —0.0171 0.0254  0.9573  0.9491 (30)
0.0043 —0.1829 —0.0808 0.9491
Similarly, the response matrix of the polarimeter for 8542 A is
1.0000  0.0062 —0.0177 0.0044
X552 — —0.0056  0.9251 0.0665 0.1308 31)

—0.0652 0.0396  0.9454 0.0791
0.0344 —0.1379 —-0.1509 0.9176

5. Preliminary Observations of Stokes Profiles

Preliminary observations were obtained using the imaging spectropolarimeter for MAST,
consisting of a narrow-band imager and a polarimeter. The narrow-band imager is designed
around two z-cut LiNbO3 Fabry—Perot etalons placed in tandem to provide a better spectral
resolution. The wavelength characterization of the components of the narrow-band imager
is described in a previous article (Raja Bayanna et al., 2014). The integration and test results
of the imager obtained with MAST will be presented in a separate article (Mathew et al.,
2017). The full-width at half maximum (FWHM) of the FP combination is ~95 mA at
6173 A with an effective free-spectral range (FSR) of 6 A. A blocking filter of 2.5 A is
introduced to restrict the FP channel of the desired wavelength. For the Ca 11 8542 A line we
used only one etalon, with 175 mA FWHM. As explained earlier, the polarimeter consists
of two LCVRs and a linear polarizer (Glan—Thompson polarizer).

The optical setup of the spectropolarimeter is shown in Figure 14. The F-12 beam from
the telescope and its re-imaging optics was collimated using a lens (L1) of focal length
500 mm. The FPs were placed in this collimated beam in order to reduce the wavelength shift
produced by the finite incidence angle arising from the FOV. The collimated output through
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the FPs was imaged using a lens (L2) of focal length 750 mm, which forms a plate scale of
0.145” pixel™! at the CCD plane. The polarimeter was placed in this converging beam after
the lens L2, to accommodate the smaller Glan—Thompson polarizer. The acceptance angles
of the LCVRs are large enough to work with the resultant F-18 beam. Since the z-cut etalons
with a small incidence angle produce negligible polarization effects, we did not separately
consider the effect of the etalons in the polarization measurements. The fast axes of the first
and second LCVRs were kept at 0° and 45° with respect to the polarization axis of the linear
polarizer, as described in Section 2. The temperatures of the LCVRs were kept at 28°C.

For the present set of observations, we first modulated the polarization and then the wave-
length to minimize the influence of seeing. The response time of the LCVRs (for the change
of one polarization state to next) is 22 ms. A change in wavelength position requires 100 ms
and 200 ms for a spectral sampling of 15 mA and 30 mA, respectively, as the tuning speed
of the FPs is nearly 1000 Vs~!.

We captured 20 images for each polarization state to build up the signal. The overall
time taken for one modulation cycle (i.e. for obtaining IQUV at one wavelength position)
is around 8 seconds considering an exposure time of 60 ms (at 6173 A). Depending on the
number of wavelength positions, the time cadence of the vector magnetogram varies; for ex-
ample, the cadence varies from 40 seconds to 216 seconds for 5 to 27 wavelength positions,
respectively. The number of wavelength points that determine the time cadence can be se-
lected as required by the scientific objectives. A cadence of more than a minute is sufficient
to study the evolution of active regions and the energy build-up due to the foot-point motions
(Wiegelmann and Sakurai, 2012, and references therein). Magnetograms (by tuning the fil-
ter to a single wavelength position) can be obtained in a 10-second cadence, which could be
used for studying the magnetic field evolution of small-scale moving magnetic features seen
around the sunspot (Ma et al., 2015, and references therein). A six-wavelength step scan,
which takes around 50 seconds, can reproduce the line profile as seen in SDO/HMI, which
is suitable to retrieve the vector magnetic field, as long as the horizontal speed of the moving
feature is below 3 kms™!.

For the initial tests, we scanned the spectral profile of the 6173 A line with a step of
15 mA and 30 mA for a total of 27 and 20 positions, respectively, in longitudinal and vector
modes. The number of wavelength positions could be considerably reduced by an optimiza-
tion after inverting the profiles, which will be carried out after further analysis. We obtained
observations in longitudinal and vector modes as described in Section 2.1.

5.1. Longitudinal Mode

The observations described in this section were obtained for a sunspot in Active Region
NOAA AR 12436 taken on 24 October 2015 between 4:00 UT and 5:30 UT, when the seeing
was moderate. The active region (AR) was located slightly away from the disk center at NO9
and W20. FP etalons of the narrow-band imager were sequentially tuned to 27 positions on
the 6173 A line, with 15 mA wavelength spacing. A pair of two images in left- and right-
circular polarizations (LCP and RCP) was obtained by applying appropriate voltages (listed
in Table 5) to LCVR 1 and 2. For these measurements, the voltage of LCVRI is changed
alternately, while LCVR2 is kept constant to provide a retardance of 1. For each wavelength
position, 20 pairs of LCP and RCP images were obtained with an exposure time of 65 ms
to increase the S/N. Figure 16 shows the results of the above observation. The top left panel
shows one of the mean intensity images, and the right panel shows the corresponding mean
Stokes I profiles. The mean Stokes I profile is deduced separately for the magnetic (solid
line, where the V signal is higher than 10~%) and for the non-magnetic (dashed line) regions.
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Figure 15 LOS mode of observations of NOAA AR 12436 observed on 24 October 2015 between 4:00
UT and 5:30 UT using the MAST polarimeter. In the first row, the left panel shows one of the mean intensity
images, while the right panel shows the corresponding mean Stokes I profiles. The Stokes I profile is deduced
separately for the magnetic (solid line) and for the non-magnetic (dashed lines) regions, while in the second
row, the left panel displays the mean Stokes V image for a wavelength position at +75 mA from line center
and the right plot indicates the mean Stokes V profile for both the magnetic and non-magnetic regions.
Because the voltage tuning of the two etalons in tandem is limited, the line profile is shifted more toward the
blue side.

The broadening of the profile caused by the magnetic field is evident in these plots. The
bottom left panel displays the mean Stokes V' image for a wavelength position at 475 mA
from line center, and the right plot indicates the mean Stokes V profile for the magnetic and
non-magnetic regions.

5.2. Comparison of Stokes V Images from SDO/HMI and USO/MAST

We also carried out a comparison of our results with the magnetograms obtained from
the Helioseismic Magnetic Imager (HMI) instrument (Scherrer et al., 2012; Schou et al.,
2012) onboard the Solar Dynamics Observatory (SDO) (Pesnell, Thompson, and Chamber-
lin, 2012). For comparison, the images from MAST and HMI were taken at around the same
time (04:42 UT on 24 October 2015). The comparison was possible as the spectral line used
by the two instruments is the same, even though the spectral resolution of each instrument
differs. SDO/HMI provides both LOS and vector magnetograms. It also provides LCP and
RCP with a 45-second cadence and Stokes I, Q, U, V images with a 12-minute cadence. For
our present comparison, we constrained only SDO/HMI LOS magnetograms and Stokes V
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images, since our polarization measurements need further instrumental polarization correc-
tions. Even though the stokes V profiles might also be contaminated by the instrumental
polarization, as the cross-talk from the linear polarization mostly introduce only a bias in
Stokes V images, the present comparison is not expected to be affected.

The magnetogram obtained from the SDO/HMI was resized, and the USO/MAST image
was registered with respect to the SDO/HMI map. The right and left images in the top panel
of Figure 16 show the cropped continuum images taken with the SDO/HMI and USO/MAST
instruments, respectively. The images are cropped in such a way that they include the sunspot
and a part of the nearby area. The middle panel shows the Stokes V images of SDO/HMI
(left) and the USO/MAST polarimeter (right) for a selected wavelength position +75 mA
(from the line center). It is evident from these panels that most of the magnetic features in the
Stokes V map of SDO/HMI match the Stokes V map of the USO/MAST polarimeter well.
The advantage of the space-based observation is clearly visible in the SDO/HMI images, as
is evident from the low-background features.

Unlike SDO/HMI observations, the USO/MAST images are affected by the atmospheric
seeing during the image acquisition, which results in considerable I — V cross-talk (Del
Toro Iniesta, 2003; Lites, 1987) and in turn a higher background noise. This I — V cross-
talk is evident from the granulation pattern in the Stokes V images of USO/MAST.

The bottom panels show the Stokes V signal obtained at a wavelength position +75 mA
(from the line center) plotted against the SDO/HMI LOS magnetic field strength. The plot
in the left panel shows the USO/MAST Stokes V, and the right panel shows the SDO/HMI
Stokes V at a close-by wavelength position against the SDO/HMI LOS magnetic field
strength. The region shown in red contains points mostly from the umbra, where the linear-
ity between the Stokes V amplitude and the magnetic field strength does not hold. Figure 16
clearly shows that except for the scatter, which might be partly due to the seeing-related
I — V cross-talk, the trend matches closely.

We also found a factor of around two in the Stokes V signal between the SDO/HMI
and the USO/MAST images. This can be explained by the influence of the finite width of
the narrow-band filter in scanning the line profile and the difference in the overall instru-
mental profiles used in the HMI and MAST imagers. The finite width of the filter causes a
convolution of the spectral line profile, which introduces an apparent increase in the width
and a decrease in the depth of the line profile. This effectively reduces the amplitude of the
Stokes V signal. In order to check this, we computed synthetic line profiles using the M —E
inversion code for realistic solar atmospheric parameters. The convolution of the Stokes V
parameter with the filter profile of 95 mA FWHM shows a reduction in the peak of Stokes
V amplitude by a similar factor, i.e., 2. This effect can be taken into account while inverting
the Stokes profiles; i.e., convolution of the synthetic profile with the filter profile is carried
out before fitting the profile with observed Stokes profiles. Except for these differences, the
overall comparison between the SDO/HMI and the USO/MAST Stokes V measurements
provides confidence in our measurements.

5.3. Vector Mode

By operating the imaging polarimeter in vector mode, we carried out observations on 19
December 2015. NOAA AR12470 (N15, W07) was observed during the period 06:00 UT
and 07:30 UT. Four images were obtained sequentially by applying appropriate voltages
(listed in Table 4) to the LCVRs. From the observed intensity images, Stokes, I, Q, U and
V images were computed for each wavelength position. Similar to the longitudinal mode,
the images in vector mode were acquired by scanning the line profile with 15 mA spacing
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Figure 16 Top row: Stokes / image taken by SDO/HMI (left) and USO/MAST (right); Middle row: Stokes
V image at wavelength position 475 mA from line center taken by SDO/HMI (left) and USO/MAST (right);
bottom row: scatter plot made between Stokes V of SDO/HMI and longitudinal magnetic field of SDO/HMI
(left) and scatter plot made between Stokes V of USO/MAST and longitudinal magnetic field of SDO/HMI

(right).
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Figure 17 Stokes images obtained using vector mode of operation for NOAA AR 12470 at 6173 A. The
top panels show Stokes / (left) and Q (right) images. The bottom panels show Stokes U (left) and V (right)
images.

and at 27 wavelength positions. Figure 17 shows the images at 6173 A. The top left and
right panels shows the Stokes I and Q images, the bottom left and right panels show the
U and V images. The Stokes U, O, and V images are shown for a wavelength position at
+75 mA from line center on the line profile.

Figure 18 shows the respective Stokes profiles for the single point marked by a star
in Stokes / image from Figure 17. A thorough analysis and demodulation of the linear
polarization measurement requires knowing the instrumental polarization. For this purpose,
we are currently introducing a large (50 cm) sheet linear polarizer that can be rotated in front
of the primary mirror. This will enable us to characterize the telescope polarization before
extracting the Stokes information from these measurements.

5.4. Observations on 16 April 2016

As evident in the Stokes I profile in the top panel of Figure 15, the starting point for the
wavelength scanning has a limited coverage in the blue wing side of the Fe 1 6173 A line
profile. This was due to the limited tuning range of the Fabry—Perot filters, which was re-
stricted by the maximum voltage that could be applied to the etalons and by the operating
temperatures of the etalons. As it is important to cover the entire wavelength range in order
to obtain the continuum intensity at both sides of the line profile, we retuned the etalons
to optimally cover the continuum at both sides. Since the maximum allowed voltage that
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Figure 18 Profiles of Stokes parameters I, Q, U, and V at a point in the penumbra of NOAA AR 12470
corresponding to the star mark in Figure 17.

could be applied to the etalon is restricted, the retuning was done by changing the operat-
ing temperature. The retuning allowed us to start the line profile scan from a wavelength
point farther out blue in the continuum. The following example of the Stokes V scan was
carried out after the retuning of the filters. These observations were taken on 16 April 2016.
Here the sunspot in NOAA AR 12529 (N10, W38) was observed with the polarimeter. The
observations were obtained between 07:00 UT and 07:30 UT. During data acquisition, the
seeing was again moderate. Unlike the previous observations, instead of 27 wavelength po-
sitions, we increased the wavelength spacing to 30 mA, which resulted in around 20 spectral
positions on the 6173 A line for the wavelength scan. Figure 19 shows the images for the
wavelength position +75 mA from the line center and the corresponding mean Stokes V
profile (right) for the entire FOV. In this case, the wavelength scan started well in the blue
continuum, and the Stokes V signal also covers enough continuum wavelength points.

5.5. Stokes V Measurement in the Ca 11 8542 A Line

In this section, we report the circular polarization measurements obtained in the chromo-
spheric Ca 11 8542 A line. The measurements were carried out with the second pair of
LCVRs specifically procured for this wavelength. The imager was tuned to the blue wing
—150 mA from the line center. The LCVR was sequentially switched between voltages cor-
responding to the modulation voltages for the left and right circular polarizations. A pair
of 100 images were obtained for this measurement with an exposure time of 120 ms for
each image. In Figure 20, the left image shows one of the selected I 4+ V images from these
observations, and the right panel shows the mean V image at the above wavelength point.
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Figure 19 Stokes / and V observations of Active Region NOAA AR 12529 in the spectral line 6173 A.
Top row: Mean intensity (Stokes /) image (left) and its mean intensity profile (right). Bottom row: Mean
Stokes V image (left) and its mean profile (right).

A clear Stokes V signal is present in the difference image (Figure 20, right), the seeing vari-
ations and the long exposure times produce artifacts, which will definitely be reduced by the
ongoing adaptive optics installation. In the above observations, the images were taken only
at one wavelength position, but the filter can be tuned to a considerable part of the Ca 11
8542 A line profile, which will be done in the future observations. A linear polarization
measurement is also planned for this line.

6. Summary

The imaging spectropolarimeter for MAST was developed to obtain magnetic field informa-
tion of the Sun in the spectral lines 6173 A and 8542 A, which are formed in the photosphere
and chromosphere, respectively. The spectropolarimeter includes an FP-based narrow-band
filter, and the polarimeter consists of a pair of nematic LCVRs and a linear polarizer. In this
article, we have presented the characterization of the LCVRs and its retardance as a func-
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Figure 20 Chromospheric observations in LOS mode of NOAA AR 12546 (S07, E19) observed on 18 May
2016 between 08:30 UT and 08:36 UT using the MAST polarimeter. Images of 7 4+ V (left) and mean Stokes
parameter V (right) at a wavelength position —150 mA from the line center.

tion of voltage and temperature. The response matrix of the polarimeter was obtained using
an experimental setup. We also discussed the implementation of four- and six-measurement
schemes that are normally employed in obtaining the spectropolarimetric observations. Us-
ing the information obtained from the characterization of LCVRs, we obtained preliminary
observations in Fe 1 6173 A. For the testing purpose, these observations were acquired by
scanning the line profile of Fe 1 6173 A at 27 wavelength positions with a sample of 15 mA.
We plan to minimize the number of wavelength positions to 8 — 12 to improve the observa-
tion cadence. As HMI also provides similar observations, we compared the Stokes / and
V observations from MAST with those of SDO/HMI. Qualitatively, the two observations
agree well, considering the fact that MAST observations are seeing limited.

In order to obtain the vector magnetic fields of the active region, Stokes Q, and U
along with Stokes / and V were also obtained. However, we did not derive the magnetic
fields from these observations as this requires information regarding instrument-induced
polarization. In this regard, it is important to note that MAST is a nine-mirror system with
two off-axis parabolic mirrors and seven plane-oblique mirrors. We have planned to obtain
the instrument-induced polarization both theoretically (Anche et al., 2015; Sen and Kakati,
1997) and experimentally (Selbing, 2010). In this article, we also presented the Stokes I and
V observations of an active region in Ca I1 8542 A, which is formed in the chromosphere.
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We use a liquid crystal variable retarder (LCVR) for polarization modulation of the input beam in a polarimeter
intended for solar observations. It is known that the retardance of LCVR depends on the voltage and temperature.
Voltage at a constant temperature is used for fast modulation. However, fluctuations in the temperature reduce
the accuracy in the polarimetric measurements. In order to understand these, we have performed calibration of
the LCVR with respect to temperature and estimated the different parameters, critical exponent (f), maximum
retardance (§,), and order parameter (S) of the liquid crystal using Haller’s approximation. We also study the
dependence of these parameters with voltage. It is observed that the change in order parameter with change in
temperature varies linearly with voltage in the range of 1-7 V.  © 2017 Optical Society of America
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1. INTRODUCTION

Liquid crystals are finding use in many areas, particularly in
display technology [1,2]. They are used for making optical de-
vices such as tunable filters [3,4], shutters [5,6], and variable
retarders [7]. Liquid crystal variable retarders (LCVRs) provide
the variable retardance without the need of any moving
mechanical parts, with added advantages of low mass and
low power consumption [8,9]. These devices find importance
in polarimetry [10] [and references therein] because of their
high switching speeds. With this speed, the modulated images
can be acquired at a fast rate to minimize the atmospheric
seeing-induced errors in the polarized light in the case of
ground-based telescopes.

A polarimeter is an instrument which is used for measuring
the polarization state of light [11]. A LCVR-based polarimeter
can be used to perform these measurements, where the
polarization state is typically characterized in terms of the
four-element Stokes vector. LCVRs have been widely used
as polarimetric devices in ground- as well as in space-based solar
telescopes [12]. There are several LCVR-based polarimeters
which are being used for solar magnetic field measurements,
such as the CRisp imaging spectropolarimeter (CRISP, [13])
and imaging spectropolarimeters [14] for multi-application so-
lar telescopes [15-17]. LCVRs were also used in the imaging
magnetograph  eXperiment (IMaX, [18]) onboard the
SUNRISE balloon mission [19].

LCVR-based polarimeters usually consist of two LCVRs and
a linear polarizer, as shown in Fig. 1. Since the LCVR is the key

1559-128X/17/144180-05 Journal © 2017 Optical Society of America

component of the polarimeter, the precise characterization of
the LCVR is very important to achieve better polarimetric
accuracy. The retardance of the LCVR largely depends on
the voltage for a particular wavelength. But it also depends
on the temperature according to Haller’s approximation, as
explained in Section 2.

In this paper, we present the dependence of the retardance of
LCVR on the temperature and estimates of the optical param-
eters used in Haller’s approximations [20]. We also show the
dependence of these optical parameters with voltage which de-
picts the complex behavior of liquid crystals in the presence of
an electric field. This paper has been organized in the following
manner. Theoretical description of the liquid crystals is dis-
cussed in Section 2. In Section 3, we describe the experimental
setup used for the characterization of the LCVR with temper-
ature. Results and the relevant discussion are presented in
Section 4.

2. THEORY

The states of matter whose symmetric and mechanical proper-
ties are intermediate between those of a crystalline solid and an
isotropic liquid are called “liquid crystals.” The most funda-
mental characteristic of a liquid crystal is the presence of
long-range orientational order, while the positional order is
either limited (smectic phases) or absent altogether (nematic
phases). One phase differs from the other with respect to its
symmetry [21]. The transition between different phases corre-
sponds to the breaking of the symmetry and can be described in
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Fig. 1. Schematic layout of a Stokes polarimeter with two LCVRs
and a linear polarizer.

terms of order parameter (§), which describe the phase transi-
tion. The order parameter S is defined as

3 ,,1
= <2 cos” 0 —2>, (1)

where 6 represents the angle between the main axis of a par-
ticular molecule and the average orientation of all molecules,
and () symbolizes an average over the entire system. Here,
S =1 corresponds to a perfectly aligned liquid crystal, and
S = 0 to an isotropic state [22].

It is well known that S decreases with temperature, and that
near the nematic-isotropic transition temperature (7°,), it drops
noncontinuously to zero. This behavior with temperature can be
understood as when the molecules gain energy, they can depart
more from order than at lower temperatures due to the com-
bined effects of entropy and energy. Considering this, Haller
has shown that the order parameter can be described over the
entire nematic temperature range by the following relation [20]:

T\7/
=<1—T—C> , (2)

where 3 is a critical exponent related to the phase transition. f# also
has a dependence on the birefringence, which in turn depends on
the applied voltage. This shows that the order parameter also de-
pends on the applied voltage. Liquid crystal devices, such as LCVR,
are used to change the modulation of the input beam by changing
the retardance with the application of voltage. In the absence of
applied voltage, LCVR produces maximum retardance as the di-
rector (long axes of the liquid crystal molecules) of the liquid crystal
is parallel to the interfaces. The retardance would be low if all
molecules are not aligned parallel to the interface. Retardance and
the order parameter are related by the equation [23]

(S - 505,

T \7#
B

where & is the retardance for § = 1. As evident from the above
equation, for a particular voltage as temperature increases, S and &
decrease. Thus, from the measurements of retardance as a function
of voltage at different temperatures, the behavior of S can be
understood.

3. EXPERIMENT

Figure 2 shows the experimental setup used for the characteri-
zation of LCVRs. A stabilized DC lamp is used as a white light

source (S). A diffuser is used to get uniform intensity. A lens
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Fig. 2. Schematic diagram of the experimental setup used for the
calibration of LCVR: a light source (S) from a pinhole (PH) is colli-
mated using a lens (CL). This collimating beam passes through a
blocking filter (BF), linear polarizer (P1), and a LCVR whose fast axis
is kept at 45° with respect to P1. Light analyzed by the polarizer (or
analyzer) P2 is imaged on to the CCD camera using imaging lens (IL).

(CL) collimates the light from pinhole (PH) which is placed
after the diffuser for point source representation. An interfer-
ence filter (or blocking filter, BF) is employed in order to select
the particular wavelength for which characterization of the
LCVRs is carried out. For the present study, we are using a
BF centered at 6173 A with a pass band of 5 A. Two
Glan-Thompson polarizing prisms (P1 and P2) are used as
a polarizer and an analyzer, and the LCVR is placed in between
them. The LCVR is placed in a thermally controlled enclosure
to maintain the temperature. The accuracy of the enclosure is
£0.5°C. Another lens (IL) is placed after the analyzer (P2) to
image the beam onto a CCD camera to measure the intensity of
the output light.

The incoming light is linearly polarized by the polarizer P1.
After being retarded by the LCVR, whose fast axis is at 45°, the
light is analyzed by the second polarizer P2. Polarizer P2 is
mounted on a computer controlled rotation stage to measure
the intensities at two different orientations. The intensities 7,
at two different angles, & = 90° and 0 = 0°, are measured by
rotating the polarizer P2. Retardance § of the LCVR has been
calculated using Eq. (4) [14] at different applied voltages to

LCVR:
[0 _ ]90
8 = cos’! (*m OUt>. (4)
Dou + Ion:

The experiment is repeated, changing the temperature of the
enclosure of the LCVR. Change in retardance of LCVR with
voltage at different temperatures is shown in the left panel

of Fig. 4.

4. RESULTS AND DISCUSSION

Equation (3) shows that the temperature also influences the
retardances of LCVRs. We have characterized voltage depend-
ence of retardance of a LCVR at four different temperatures,
i.e., 28°C, 30°C, 35°C, and 40°C. Retardance estimated with
the application of voltage at a T = 28°C is shown in Fig. 3.
The left and right panels of Fig. 3 show the retardance without
phase unwrapping and with phase unwrapping, respectively.
Here, it is to be noted that the left panel of Fig. 3 shows
two regions, R1 and R2, which need phase unwrapping for
a continuous curve. As the retardance required for polarimetry
is in the range of 360-50 deg, we have not performed the phase
unwrapping in the higher voltage range (R2), where the retar-
dances are very small. For comparison, data obtained from
the manufacturer is also shown here. It is evident that our
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Fig. 3. Left: retardance versus voltage applied to a LCVR for a wave-
length of 617.3 nm. Measurements were made in steps of 0.05 V from
0 to 10 V. Right: comparison between the curve provided by the
manufacturer (dashed line) of the LCVR and that obtained with
our procedure (continuous line). It is evident from the figure that
our measurement is in agreement with that of manufacturer.
However, the minor difference observed in both the curves is due
to a change in the wavelength of the light used. Our measurements
are performed for a light of wavelength centered at 6173 A, whereas
the data provided by the manufacturer is for 6302 A.

measurement is in agreement with that of the manufacturer.
However, the minor difference observed in both the curves
is due to the change in the wavelength of the light used.
Our measurements are performed for a light of wavelength cen-
tered at 6173 A, whereas the data provided by the manufacturer
is for 6302 A.

Figure 4 shows the retardance as a function of voltage at
different temperatures. As evident from Fig. 4 (left), retardance
of the LCVR decreases as its temperature increases. At lower
voltages (0—2 V), the applied electric field may not be sufficient
to provide the torque to change the orientation of liquid crystal
molecules, so it remains parallel to the interfaces; here temper-
ature influence is dominant. However, at higher voltages
(V' > 6V), torque due to the applied electric field is strong
enough to not be influenced by the temperature, i.c., change
in retardance due to voltage is more dominant than the change

0.5

500

400

300

6 ()

200

o 2 4 6 8 10 0 2 4 s & w0

Voltoge (V) Voltage (V)
Fig. 4. Left: variation of the retardance with the applied voltage of
the LCVR for four different temperatures. Continuous, dotted,
dashed, and dotted-dashed curves are corresponding to temperatures
28°C, 30°C, 35°C, and 40°C, respectively. The vertical line represents
different voltage regimes in which influence of voltage and tempera-
ture on retardance varies. Right: retardance derivative with respect to
the temperature as a function of voltage, which shows that LCVR is
insensitive to temperature for higher voltages. Thin line with asterisk
symbols represents 46/d T, derived using the data shown in the left
panel, and the polynomial fit is shown with a thick line. This figure is
reproduced from [14].
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in retardance due to temperature. In the intermediate regime
(2-6 V), both temperature and voltage play a role in changing
the retardance. The effect of temperature on the retardance of
the LCVR can be clearly seen in the right panel of Fig. 4.
It shows that the LCVR is more sensitive to the temperature
when it is operated at low voltages, and it is nearly constant in
the voltage range 0-2 V.

A relation between temperature sensitivity (46/dT) and
voltage is obtained for two regions of voltage separately using
polynomial fit of the order 1 and 4, respectively. When we fit
the entire data with a polynomial fit, the chi-square value is
higher. Hence, the data is divided into two regimes (V' <2
and 2 < V' > 10) and used to find an appropriate polynomial
fic as shown below:

a5 =-141 VV<2
dT -7
ds 5 p
o7 = -4.03 4+ 1.97V - 0.41V% 4+ 0.04V> - 0.0014V
V2<V<l0. (5)
Using Eq. (3), it can be shown that
s 1.ds
T = 5 AT ©

The above equation shows that in order to know the sensi-
tivity of the order parameter (S), it is important to know the &,
which depends on the applied voltage. Hence, §; and f are
estimated by rearranging the experimental data as shown
in Fig. 5.

The asterisk symbols in the left panel of Fig. 5 depict the
temperature dependence of the retardance at a fixed voltage
3.967 V (voltage corresponding to quarter-wave retardance).
The data (temperature versus retardance) is fitted to Eq. (3)
in two ways: one, in which 7 ¢ is fixed at a known value of
368 K (95°C, provided by the manufacturer of LCVR, M/s
Meadowlark Optics) for this particular LCVR (fit A), and an-
other in which all the parameters are (fit B) obtained from the
fit. Fit A yields f = 0.395 £ 0.086 and §, = 178.5 £ 27 4.

500

400 F

300}

5(°)
8(°)

sof ] 200f

20k ] 100

0
290 300 310 320 330 340 350
Temperoture (K)

200 300 310 370 3% 340
Temperoture (K)
Fig. 5. Left: temperature versus retardance, keeping the LCVRs at a
voltage corresponding to quarter-wave plate (V' = 3.967 V). Asterisk
symbols show the experimental data, and the curves show the corre-
sponding fits using the two methods (Fit A and Fit B). For Fit A,
temperature s fixed at 368 K. For Fit B, all three parameters are varied
to fit Eq. (3). Right: retardance versus temperature for different volt-
ages: V1 = 0.0, V2 = 1.861, V3 = 2.318, V4 = 2.918,and V5 =
3.967 V at a constant 7' = 339.9 K. These voltages correspond to
retardance of maximum, 4, 31/4, A/2, and 1/4, respectively.
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Fig. 6. Top left: change in critical exponent (f) with voltage. Right:
change in §, with voltage. The error bars correspond to 1-o error.
Bottom left: change in order parameter (S) with voltage at different
temperatures. Right: change in order parameter (S) with respect to
change in temperature.

The f value obtained here is more than the expected [20].
However, a better fit is obtained in the second method,
which vyields f = 0.213 & 0.004, §, = 144.1 £ 1.3, and
Tc=339.9 £ 1.6 K. As the percentage of deviation in the
obtained parameter is smaller, we use the values f, &), and
T ¢ obtained here for further analysis. Using the derived value
of T¢ (339.9 K or 66.9°C) and Eq. (3), the data shown in
Fig. 5 (right) is extrapolated for retardance as a function of tem-
perature at different voltages (refer to Fig. 5). As the polarimeter
uses voltages in the range of 0—4 V for achieving required re-
tardance, we have shown only these five voltages in the plot.

Critical exponent f and maximum retardance §; are also
obtained for the voltage range 0-8 V using Eq. (3) with 7'¢
at 340 K. Figure 6 depicts the change in f# (top left panel)
and & (top right panel) with voltage along with the 1-6 error
bars. Change in f shows larger error at higher voltages. This
could be due to the temperature sensitivity of retardance, which
is very low at higher voltages (refer to Fig. 4). Also, f# and &, are
almost constant in the low-voltage regime (0-2 V). The lower
panel of Fig. 6 shows the variation of order parameters at differ-
ent temperatures and voltages, and also change in the order
parameter with respect to change in temperature.

The estimated order parameter varies between 0.45 and 0.8
for different combinations of voltage and temperature, and it
decreases with an increase in temperature, as well as with the
increase in voltage. It also shows that order parameter is more
sensitive to voltage or the applied electric field than the temper-
ature. % shows the linear relation (approximately) with voltage
(V). The difference in obtained equations for j—? and j—; could
be due to the voltage dependence of the & as seen in the top
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right panel of Fig. 6. j—; shows less complex behavior

than the % The complexity might have been normalized

by the complex behavior of the voltage dependence of .
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