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Abstract

Magnetic fields are the primary driver of the plasma thermodynamics in the up-
per solar atmosphere, especially in the transition region (TR) and the corona. These
magnetic fields hold the key to long standing questions in solar physics, such as the
problem of coronal heating, the acceleration source of the solar wind, and various
eruptive events, thereby influencing the space weather dynamics. However, the lack
of vector magnetic field measurements in the TR-corona, has limited our understand-
ing of these physical processes. In this context, extreme-ultraviolet (EUV) and far-
ultraviolet (FUV) spectropolarimetry is a potential measurement technique to quan-
tify the TR and coronal magnetic field vector. This thesis is dedicated to finding new
diagnostics of the TR and coronal magnetic field vector, exploring suitable instrument
concepts and characterizing the instrument prototype in the laboratory as a proof of
concept.

Bommier et al. (1981) proposed a method (called the differential Hanle effect)
to obtain the vector magnetic field information, which utilizes a minimum of two
permitted lines with different Hanle sensitivity. This method has been successfully
applied to derive the vector magnetic field in prominences, and was further extended
to obtain empirical information on the TR fields. The same method can also be used
to infer the coronal magnetic fields, prior to which it is necessary that combination of
EUV and FUV lines exhibiting varied Hanle sensitivity to the coronal magnetic fields
are identified so that any ambiguity can be removed from the derived magnetic field
solution. Therefore, in the first study, we identified potential Hanle sensitive lines in
the FUV and EUV spectral ranges which exhibit line-formation temperatures typical
of the TR and corona. Several EUV lines, with the critical Hanle field ranging from a
few milligauss to 200 gauss, were identified in the wavelength range of 100 to 1600 A.

EUV lines enable both off-limb and on-disk measurements, unlike at visible and
IR wavelengths where only coronagraphic (off-limb) observations are possible due to
the extremely bright solar disk. On-disk measurements are important to understand
the magnetic field stratification in the solar atmosphere. However, there is no spec-
tropolarimeter yet in these spectral ranges to infer the vector magnetic field in the
upper atmospheric layers of the Sun. Since transmission optics is not feasible in these

wavelengths, several configurations of EUV polarimeter based on highly reflective and



polarizing coatings are explored in the thesis. On the contrary, it is essential to esti-
mate the polarization signals and the signal-to-noise ratio (SNR) required to measure
such signals in the wavelength range considered for the instrument design. Hence, the
next project of the thesis involved modeling and synthesizing the polarization maps of
one of the identified EUV lines, i.e., Ne viir 770 A, by utilizing magnetohydrodynamic
(MHD) simulation data cubes.

Furthermore, our investigation of various polarimeter configurations revealed that
a 3-mirror-based design, using barium fluoride coated mirrors, exhibits enhanced po-
larizing power and higher throughput in the wavelength range of 740 to 800 A. As part
of our efforts, an EUV spectropolarimeter has been designed using ZEMAX targeting
the same wavelength range, with Ne viI1 770 A as the central wavelength. From the
previous study of Ne viir 770 A (one of the brightest EUV lines), the Stokes L/I
(where L = \/m) is estimated to be in the orders of 1 x 10™* at the solar limb
region. Therefore, detection of polarization sensitivity in these levels is an essential re-
quirement which has driven the design of the instrument. Simultaneously, an in-house
prototype of the 3-mirror polarimeter has been developed, and its preliminary testing
has been conducted in the laboratory. Due to lack of facilities for fabrication and
testing in the EUV, we conducted the initial characterization at a visible wavelength

of 700 nm.
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Chapter 1

Introduction

“Wisdom is to live in tune with the mode of the changing world.” — Thiruvalluvar

The Sun has one of the most complex magnetic systems, but at the same time it
is also the most accessible star for studying and modeling through spatially resolved
observations from both space-based and ground-based solar telescopes. Its proximity,
at just 149.6 million kilometers away, makes the Sun a comprehensive reference for
understanding the luminosity, radius, temperature, and other characteristics of stars
throughout the universe. As the primary source of light and heat for Earth, the Sun
plays a crucial role in driving the complex climate dynamics of our planetary system.

The Sun is composed of several layers, from its interior to its upper atmosphere
(Figure 1.1). The visible surface of the Sun, known as the photosphere, has an average
temperature of approximately 5700 K. There are certain locations on the photosphere
where the magnetic field is concentrated and the temperature drops to around 3000-
4000 K. Such regions appear dark, known as sunspots, as shown in Figures 1.1 and
1.3. Above the photosphere lies the chromosphere, where temperature reaches about
20,000 K and different features that could be observed in this layer are plages and
spicules. Beyond the chromosphere is a thin transition region where the temperature
rapidly increases to 10 K and the electron density sharply decreases from 10! cm™3 to
10 ecm™3. This abrupt change in temperature and density is crucial for understanding
the coronal heating problem. Several jet-like features, including transition region (TR)
jets (Tian et al., 2014), are observed in this region. Following the transition region is
the extensive and outermost layer called the corona (corona means “crown”), where
temperature exceeds 10° K. The corona exhibits various features such as streamers,
coronal loops and coronal holes, observable across different wavelengths. During a
total solar eclipse, the crown-like shape of the corona is highly conspicuous from
Earth.
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Figure 1.1: Interaction between the Sun and the Earth and its effects on the geospace
weather (Courtesy: https://svs.gsfc.nasa.gov/30481).

1.1 Significance of Upper Solar Atmosphere and its mag-

netism

The magnetism of the upper atmospheric layers of the Sun, especially the transition
region (TR) and the corona, is a key ingredient to understand the various fundamental
plasma processes occurring in these layers. Some of these processes include the coronal
heating, the acceleration of energetic particles, and the formation and evolution of
coronal features such as coronal loops and streamers, along with their thermal and
magnetohydrodynamic (MHD) characteristics. The dominance of the magnetic field
in these layers is due to the rapid decrease in plasma (3, which is defined as the
ratio of kinetic pressure to magnetic pressure, from the photosphere to the corona.
With low plasma 3, the equilibrium field becomes force-free in the TR and corona,
and magnetic pressure dominates over gas pressure (Priest and Hood, 1991). This
magnetic dominance is crucial for the stability and dynamics of the solar atmosphere,
influencing events from small-scale magnetic reconnection events to large-scale coronal
mass ejections (CMEs).

The Sun is currently undergoing the phase of solar maxima and therefore dark
regions with strong magnetic fields in the order of kilogauss, called sunspots, are very
prominent on the surface of the Sun. Giant explosions of energy and particles, such
as solar flares and CMEs, are commonly detected during this phase. These highly
energetic particles interact with Earth’s outer atmosphere, resulting in the forma-
tion of beautiful northern lights, also known as aurora borealis, as pictured in Figure


https://svs.gsfc.nasa.gov/30481

1.1 Significance of Upper Solar Atmosphere and its magnetism

Figure 1.2: Top panel: Aurora borealis captured over the Eielson Air Force Base,
Bear Lake, Alaska on January 18, 2005 (Courtesy: Wikipedia). Bottom panel: Red
auroral arc captured from the Tashi Choeling Gompa nunnery in Hanle, Ladakh
on May 10, 2024 (Image credit: Wangchuk Namgyal, Stanzin Norlha and Stanzin
Norboo)".

1.2. Usually, high-latitude locations, like Norway and Iceland, witness these aurorae.
However, there was a rare sighting of red auroral arc on the night of May 10, 2024
at Hanle, Ladakh, as shown in the bottom panel* of Figure 1.2. This phenomenon
was triggered by an extreme solar flare from the active sunspot region AR 13664A. A
similar aurora was visible at the Indian Astronomical Observatory in Hanle around
23 April 2023, caused by a powerful CME propagating towards Earth. These ener-
getic events are strongly driven by the TR and coronal magnetic fields, which also
affect the space weather (Figure 1.1) and can interfere with satellite electronics, ra-
dio communications, global positioning system (GPS) signals, spacecraft orbits, and

*https://nature.com/articles/d44151-024-00068-w?7utm_campaign=engagement&utm_
content=1715785972&utm_medium=social&utm_source=twitter&s=03
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even electrical power grids on Earth. Such severe consequences make it extremely
important to study and continuously monitor the Sun.

Routine measurements of the magnetic field vector and the study of its dynamic
evolution in the solar atmosphere are highly emphasized to understand the exact role
it plays in driving the energetic solar events. Moreover, understanding the interaction
between the coronal magnetic fields and the solar wind provides insights into the be-
havior of other stellar atmospheres and the effect of their magnetic fields on planetary

environments.

1.2 Brief history on measurements of magnetic field at
the upper solar atmosphere

The first attempt to predict the TR and coronal magnetic fields were based on the
extrapolation of the observed photospheric magnetic fields. In the recent years, sig-
nificant progress has been witnessed in the so-called potential field source surface
(PFSS) models, originally proposed by Altschuler and Newkirk (1969) and Schatten,
Wilcox, and Ness (1969). More sophisticated models, known as magnetohydrodyan-
mic (MHD) models (Miki¢ et al., 1999; Lionello, Linker, and Miki¢, 2001), have been
developed and continuously improved to better comprehend the physics of the magne-
tized coronal plasma. While our understanding of the TR and coronal magnetic fields
has greatly enhanced over the last couple of decades with the help of these powerful
models, these approaches are, however, limited due to absence of routine magnetic
field measurements in the TR and corona (Mackay and Yeates, 2012; Wiegelmann,
Petrie, and Riley, 2017, and references therein). Regular observations of the vec-
tor magnetic fields are required not only in the strong field regions, but also in the
weak field ones, so that more constraints can be imposed on the input data of bipole
emergences which drive these models.

The technique of microwave gyroresonance magnetometry has been used to inves-
tigate magnetic field strength (in the order of a few hundred gauss) in the lower corona
over active regions (Nitta et al., 1991; Schmelz et al., 1994; Gary and Hurford, 1994;
Bogod and Yasnov, 2016). Faraday rotation measurements of the polarized emission
from radio sources have been used to derive the mean coronal field strength in the
range of several tens of milligauss at and above 5 Rg (Patzold et al., 1987; Sakurai and
Spangler, 1994; Ingleby, Spangler, and Whiting, 2007; Kooi et al., 2021). Gopalswamy
et al. (2012) measured coronal field strength (1.3 to 1.5 G) over the distance of 1.2 to
1.5 Re using extreme-ultraviolet (EUV) observations of a CME flux rope and radio
dynamic spectra of the associated type II radio burst in tandem. The spectroscopic
observations of standing slow-mode MHD waves captured by the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER), aboard SOlar and Heliospheric Ob-
servatory (SOHO) satellite, were analyzed to determine the magnetic field strengths
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of 12 to 51 G in the coronal loops (Wang, Innes, and Qiu, 2007). Recently, Yang et al.
(2020a,b) applied the technique of magnetoseismology to the transverse MHD waves
observed with the Coronal Multi-channel Polarimeter (CoMP; Tomczyk et al. (2008))
(Liu et al., 2015; Tomezyk et al., 2007) and provided the synoptic maps of the plane-
of-sky (POS) component of the coronal magnetic field. Another recent spectroscopic
technique, the so-called Magnetic-field Induced Transition (MIT; Grumer et al., 2014),
has been demonstrated to explain the potential of MIT lines in the measurement of
coronal magnetic field (Li et al., 2015, 2016; Landi et al., 2020, 2021; Li et al., 2021).
More recently, Boe, Habbal, and Druckmiiller (2020) quantified the magnetic field
topology of the solar corona using white-light observations during total solar eclipses
spanning over two solar cycles.

At the optical, infrared (IR) and UV spectral range, the Zeeman and the Hanle
effects have been utilized to derive the TR and coronal magnetic fields. Theoretical
studies have been carried out to model and calculate the linear polarization signals
produced by scattering processes in the hydrogen Lyman-a line at 1215.67 A, and
interpret its polarization sensitivity to the TR magnetic fields via the Hanle effect
(Trujillo Bueno, Stépan, and Casini, 2011; Trujillo Bueno, Stépan, and Belluzzi, 2012;
Stépan et al., 2012). Similarly, Zhao et al. (2019, 2021) examined the linear polariza-
tion of Lyman-« in the presence of both the Hanle effect and other symmetry breaking
processes. Raouafi et al. (2016) and Hebbur Dayananda et al. (2021) have used 3D
coronal MHD models to investigate the linear polarization signals in UV and IR lines
for probing the magnetism at the off-limb corona. All these theoretical predictions
emphasize on the measurement and interpretation of the polarization induced by cer-
tain physical mechanisms in spectral lines which can help in quantifying the vector
magnetic field in the TR and corona.

However, there have been very few polarimetric observations aimed at determining
the magnetic fields in these solar atmospheric layers. Lin et al. (2000, 2004) conducted
pioneering work by measuring the line-of-sight (LOS) component of the coronal mag-
netic field. They utilized observations of the Zeeman splitting in the Fe X111 line at
10747 A and inferred field strengths of 4 to 33 G at heights of 0.10 to 0.15 R above
active regions. Raouafi et al. (2002) made a significant contribution by attempting,
for the first time, to measure the coronal magnetic field using the linear polarization
measurement of the O vI line at 1032 A due to the Hanle effect. They derived a
field strength of about 3 G above a coronal hole, demonstrating the potential of the
Hanle effect in probing coronal magnetic fields in regions with weak magnetic fields.
The Chromospheric Lyman-Alpha Spectro-Polarimeter (CLASP) has also made no-
table advancements in this field. The spectropolarimetric observations by CLASP
have provided a better understanding of the geometrical complexity and dynamics of
the upper chromosphere and TR of the Sun (Kano et al., 2017). These observations
have been instrumental in revealing the intricate magnetic structures and their evo-
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lution in these layers, contributing to our overall knowledge of solar magnetic fields.
Despite these advancements, the scarcity of routine polarimetric observations limits
our understanding of the magnetic phenomena occurring in the solar atmosphere, and
demands for future missions and instruments addressing this gap.

1.3 Physical mechanisms behind spectral line polariza-

tion

The state of polarization of an electromagnetic radiation beam can be conveniently
characterized by four observables, namely Stokes parameters (I,Q,U, V'), which can
be measured by telescopes equipped with a polarimeter, which is an instrument de-
signed to analyze the polarization state of light. Stokes I represents the total intensity
of the beam, providing a measure of the overall brightness. Stokes @) represents the
intensity difference between linear polarization along the principal axes (i.e., verti-
cal and horizontal), and Stokes U represents the intensity difference between linear
polarization at 4+45° and —45° to the principal axes. Stokes @Q,U together provide
a complete description of the linear polarization state. Stokes V represents the in-
tensity difference between right-handed and left-handed circular polarization, offering
insights into the circular polarization component of the light (Born and Wolf, 1999).
It is important to note that the reference axis must be chosen first for defining the
Stokes @@ and U parameters. The reference axis is usually selected as the direction
where ) > 0 in the plane perpendicular to the direction of propagation.

There are various physical mechanisms that can either induce or modify the polar-
ization signatures in the spectral lines originating from different layers of the solar at-
mosphere. By measuring and interpreting the polarization introduced by these mech-
anisms in the spectral line radiation, quantitative information on both the strength
and orientation of the ambient magnetic field can be derived.

1.3.1 The Zeeman effect

The Zeeman effect refers to the splitting of the energy levels in the presence of external
magnetic field which produces characteristic polarization depending on the orienta-
tion of vector magnetic field with respect to the observer’s LOS. This effect was first
discovered by the Dutch physicist Prof. Pieter Zeeman in 1896 when he placed an oxy-
hydrogen flame between the poles of an electromagnet and introduced a filament of
asbestos soaked in common salt into the flame (Zeeman, 1897). When the electromag-
net was switched on, he observed that the two D-lines of the sodium spectrum were
clearly widened. Zeeman communicated this idea to Prof. H.A. Lorentz, who devel-
oped a theory of electromagnetic phenomena, which explained that the light emitted
from the edges of the widened lines would be circularly polarized (plane polarized)
when the observer’s LOS is parallel (perpendicular) to the lines of force. Thus, it was
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the discovery of the Zeeman effect for which he won the Nobel prize in Physics along
with Prof. Lorentz in 1902.
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Figure 1.3: Left image (a) illustrates the Zeeman splitting in form of different energy
levels and the allowed transitions between them. Right image (b): The left panel
shows a sunspot in white light with the vertical black line locating the slit for the
spectrograph which took the spectrum shown in the right panel. The division of Fe 1
line, at 5250 A, into three components (AM = 0 transition forms 7, while AM = +1
transitions form oy, 0, components) is a clear demonstration of the Zeeman effect.
Adapted from https://noirlab.edu/public/images/noao-6031/.

The Zeeman effect was first studied on the Sun in 1908 by an American astro-
physicist, Prof. George Ellery Hale, who analyzed the sunspot spectrum for evidences
of line doublets and line broadening, and explained its difference from the ordinary
solar spectrum. Such doublets were first observed by Professors Young and T. Reed
in 1892, and later observed again by Prof. Walter M. Mitchell who described these
doublets as “reversals” (Mitchell, 1904). But a detailed explanation of the occurrence
of these line doublets in the sunspot spectra was given by Prof. Hale which led to the
discovery of the existence of strong magnetic fields on the Sun (Hale, 1908). Gradually,
this effect has formed the basis of development of vector magnetograms to reliably
determine the magnetic field in the photosphere and the chromosphere (Stenflo, 2017,
and references therein).

In the presence of a suitable magnetic field, each energy level with total angular
momentum J splits into (2J + 1) sublevels, the splitting being proportional to the
level’s Landé factor, gy, and to the field strength, B (expressed in gauss). This
level splitting can be represented in the form of different energy levels as shown in
Figure 1.3(a). Therefore, a spectral line transition between a lower level (J;, g;) and
an upper level (Jy,g,) consists of several spectral components. In particular, a line
transition between J; = 0 and J, = 1 levels has three components: one m component
(corresponding to AM = 0), one o, (corresponding to AM = —1), and one o}
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component (corresponding to AM = +1). An example of such wavelength shifts due
to the Zeeman effect is shown in Figure 1.3(b) where the Fe 1 line at 5250 A splits
into three components in the strong-field sunspot region.

1.3.2 Anisotropic radiation pumping

The amplitude of Zeeman polarization signals in the upper solar atmosphere (TR
and corona) is very weak because the Zeeman splitting is only a small fraction of the
spectral line-width. Stokes V' amplitude (due to longitudinal Zeeman effect) scales
with the ratio, R, between the Zeeman splitting and the Doppler line-width, whereas
Stokes @ and U (produced by the transverse Zeeman effect) scale with R?. Here,
R < AB/ VT, with X being the spectral line wavelength in A, B the magnetic field
strength in G and T the kinetic temperature in K (see Landi Degl’Innocenti and
Landolfi (2004)). Owing to the dependence on wavelength and temperature, this ratio
is very small for the spectral lines originating from the weakly magnetized plasma of
the TR and corona with temperatures exceeding 10° K.

Nevertheless, there is another mechanism which can introduce spectral line po-
larization in the solar atmosphere. The anisotropic illumination of a gas of atoms
induces atomic-level polarization (i.e., atomic alignment and atomic orientation and,
moreover, quantum coherences may appear between the magnetic sublevels of each
J-level or, among the sublevels belonging to different J-levels) as illustrated in Fig-
ure 1.4. Atomic alignment refers to the condition when the Zeeman substates of levels
with J > 1 are unevenly populated, such that the total population of substates with
different values of |M| are different. Atomic orientation refers to the condition when,
for a given value of |M|, the substates labeled as -M and +M have unequal popula-
tions. Hence, the absorption of anisotropic radiation can generate linear polarization
in the spectral line emission considered (Trujillo Bueno, 2001) without the presence
of a magnetic field, provided the depolarizing collisional rates are sufficiently low.

1.3.3 The Hanle effect

The Hanle effect produces a modification of the atomic-level polarization (and of the
emergent Stokes @@ and U profiles of the spectral line radiation) due to the local mag-
netic field inclined with respect to the symmetry axis of the pumping radiation field.
The emergent linear polarization is sensitive to magnetic field strengths approximately
between 0.1By and 5By (Trujillo Bueno, 2014), where By = 1.137 x 10_7/(le‘fegj)
with 7;¢. and g being, respectively, the lifetime (in seconds) and the Landé factor of
either the upper or the lower level of the line transition considered. By is termed as
the critical Hanle field (measured in gauss) for which the Zeeman splitting is compa-
rable with the natural width of the energy level under consideration, such that it is
sufficient to create a measurable change in the atomic-level polarization. Above the
limit of 5By, the magnetic sublevels are well separated and therefore, the quantum
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Figure 1.4: Graphical representation of anisotropic radiation pumping and the Hanle
effect. Image credit: Trujillo Bueno et al. (2002).

coherence between them gets nullified due to which the (Hanle regime) linear polar-
ization is no longer sensitive to the field strengths, but only to the field orientation
in the POS (also called the field azimuth). This regime of the Hanle effect is defined
as the saturated Hanle regime. This saturation occurs because the Larmor precession
frequency of the atoms or ions in the magnetic field becomes much larger than the in-
verse of the lifetime (7;¢.) of the excited state. By estimating By for several spectral
lines originating from weak magnetic field regions, it can be theoretically established
whether the Hanle effect is capable of diagnosing these weak magnetic fields, where
the Zeeman effect is not practically useful as a stand-alone technique. This makes
the Hanle effect a powerful tool for probing magnetic fields in various astrophysical
environments, particularly in regions where the magnetic field strength is below the
detection threshold of the Zeeman effect.

1.4 Motivation

The lack of vector magnetic field measurements in the upper solar atmosphere, i.e.,
the TR and the corona, has limited our understanding of the physical processes oc-
curring in these layers, such as the million-degree energization of the solar corona,
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the solar wind acceleration, the formation and evolution of eruptive events (for e.g.,
solar flares and CMEs), which affect the near-Earth space weather. Spectropolarime-
try is a potential measurement technique to quantify the TR and coronal magnetic
field vector because the magnetic field information of these layers remains embedded
in the emergent spectral line profiles. Hitherto, from the measurements of circular
polarization (Stokes V/I) of the IR line Fe X111 at 10747 A due to the longitudinal
Zeeman effect, Lin et al. (2000, 2004) have inferred coronal magnetic field strengths
of about 4 to 33 G above active regions. However, the Stokes V signal is very weak
(~ 107%) and difficult to measure on a daily basis. Owing to the wavelength scaling
of Stokes V/I signal, its amplitude is even smaller at FUV and EUV wavelengths.
Moreover, the linear polarization signal of forbidden lines, such as Fe X111 at 10747 A,
can constrain only the field azimuth (Casini and Judge, 1999) through the saturated
Hanle effect.

For permitted lines, such as O VI at 1032 A, which fall within the regime of the
unsaturated Hanle effect for the field strengths expected in the TR and corona, the
linear polarization is, in theory, sensitive to both the field strength and the field di-
rection. Therefore, the unsaturated Hanle effect offers a clear advantage as the vector
field diagnostic of the TR and corona. A single spectropolarimetric observation of the
linear polarization of O vI at 1032 A, which was performed by rotating the SOHO
satellite, helped in deriving the coronal magnetic field by exploiting the instrumental
polarization and employing the Hanle effect (Raouafi, Lemaire, and Sahal-Bréchot,
1999; Raouafi, Sahal-Bréchot, and Lemaire, 2002; Raouafi et al., 2002). Such an im-
promptu and unoptimized measurement of resonance line polarization demonstrates
that UV spectropolarimeters onboard space telescopes are capable of providing criti-
cal magnetic field measurements in the TR and corona. Further, EUV and FUYV lines
enable both off-limb and on-disk measurements, unlike at visible and IR wavelengths
where only coronagraphic (off-limb) observations are possible. On-disk measurements
are important to understand the magnetic field stratification in the solar atmosphere.

Bommier, Sahal-Bréchot, and Leroy (1981) proposed a method (the so-called dif-
ferential Hanle effect) which utilizes a minimum of two resonance lines with different
Hanle sensitivity to obtain the vector magnetic field information. This method has
successfully been applied to derive the vector magnetic field in prominences (House
and Smartt, 1982; Bommier, Leroy, and Sahal-Bréchot, 2021), and has also been ex-
tended to obtain empirical information on the TR fields (Trujillo Bueno, Stépan, and
Belluzzi, 2012). In a similar way, the differential Hanle diagnostic method can be used
to study the coronal fields, prior to which it is necessary that combination of EUV and
FUV lines exhibiting varied Hanle sensitivity to the TR and coronal magnetic fields
are identified so that any redundancy can be removed from the derived magnetic field
solution.

Being motivated by the previous findings, our first project involved the identifi-
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cation of potential Hanle sensitive lines in the FUV and EUV spectral ranges which
exhibit line-formation temperatures typical of the TR-corona (Khan and Nagaraju,
2022). During this project, it was found that the spectral atlas of the solar corona
(Curdt, Landi, and Feldman, 2004) comprises a rich treasure of bright FUV and
EUV emission lines between 670 A and 1609 A. Among them, several EUV lines were
identified with the critical Hanle field ranging from a few milligauss to 200 gauss.

However, there is no spectropolarimeter yet in these spectral ranges to infer the
vector magnetic field in the upper atmospheric layers of the Sun. Since transmission
optics is not feasible in these wavelengths, due to complete absorption by any known
material, highly reflective and polarizing coatings are required whose optical properties
should be well known. As a result, several configurations of EUV polarimeter with
suitable coatings were explored in another project, in terms of their throughput and
polarizing power (Khan, Nagaraju, and Phanindra, 2023).

On the contrary, it is essential to estimate the polarization signals and the signal-
to-noise ratio (SNR) required to measure such signals in the wavelength range consid-
ered for the instrument design. Hence, the next project of the thesis involved modeling
and synthesizing the polarization maps of one of the identified EUV lines, i.e., Ne VIII
770 A, by utilizing magnetohydrodynamic (MHD) simulation data cubes (Khan et al.,
2024). A fairly recent work by Raouafi et al. (2016) used a three-dimensional MHD
model to derive the Hanle regime polarization signals at the solar corona (off-limb) in
the FUV (H 1 Lyman-a) and the IR (He 1 10830 A) lines. Hebbur Dayananda et al.
(2021) utilized 3D coronal MHD models to investigate the linear polarization signals
in the FUV (H 1 Ly- at 1215A) and the EUV (He 11 Ly- at 304 A) lines within
0.5 R above the Sun’s visible limb. All these diagnostics considered a coronagraph
instrument to detect the off-limb coronal signal and its polarization unhindered by the
disk radiation. This is the first time when we have utilized MHD models to estimate
the polarization signals of EUV coronal emission lines observed directly on the disk
of the Sun. By analyzing the Stokes parameters, we estimated that the Stokes L/I
(where L = \/Q2 + U2?) of Ne viit 770 A (one of the brightest EUV lines) reaches
orders of around 1 x 10~* at the solar limb region.

Furthermore, our investigation of various polarimeter configurations (Khan, Na-
garaju, and Phanindra, 2023) revealed that a 3-mirror-based design, using barium
fluoride coated mirrors, exhibits enhanced polarizing power and higher throughput in
the wavelength range of 740 to 800 A. As part of our efforts, an EUV spectropolarime-
ter has been designed using ZEMAX targeting the same wavelength range, with Ne vIII
770 A as the central wavelength. Since the polarization signals are in the orders of
1x 1074, detection of polarization sensitivity in these levels is an essential requirement
which has driven the design of the instrument. Simultaneously, an in-house prototype
of the 3-mirror polarimeter has been developed, and its preliminary testing has been
conducted in the laboratory at visible wavelength (Khan et al., under review).
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1.5 Outline of the Thesis

This thesis aims at finding new diagnostics of probing the weak magnetic fields at the
TR and corona. It also encompasses the study of suitable coating materials and the
development of a suitable instrument for preliminary testing in the laboratory. This
thesis is structured as follows: In Chapter 2, we have identified a list of potential Hanle
sensitive lines in the EUV spectral range which can be used for probing the weak mag-
netic fields of the TR and corona. Few Hanle saturated lines in FUV have also been
explored with the intent of constraining the LOS component of the magnetic field due
to longitudinal Zeeman effect. Chapter 3 describes the synthesis of polarization maps
at Ne vii1 770 A to study the variation of its polarization signatures during different
phases of the solar cycle. This study also helped us to determine the expected Hanle
polarization signals which drives the design of a suitable instrument. In Chapter 4,
the design of an EUV spectropolarimeter using ZEMAX has been presented based on
reflective components. Various possibilities of achieving the required SNR and polar-
ization sensitivity levels, along with the associated limitations, have been explored in
this chapter. Chapter 5 discusses the development and characterization of a prototype
polarimeter based on reflective aluminium mirrors. The preliminary testing has been
done at the visible wavelength of 700 nm. Finally Chapter 6 summarizes the thesis
by outlining the conclusions drawn from all the studies presented. This chapter also
highlights the novel aspects of these studies and discusses the future prospects.
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Chapter 2

Identification of Hanle sensitive lines in
EUV and FUV

Spectral lines in FUV and EUV for diagnosing coronal magnetic field
Raveena Khan, K. Nagaraju, 2022, Solar Physics, 297, 96.

2.1 Introduction

When an atom in the corona or the transition region is illuminated by the incoming
anisotropic radiation from the underlying atmospheric layers of the Sun, in the absence
of magnetic field, the scattered radiation from the atom is linearly polarized in a
direction perpendicular to the scattering plane, and the degree of polarization depends
on the scattering geometry, the height of the atom from the origin of the incident
radiation and also on the polarizability coefficient of the atomic levels of the line
transition considered. In the presence of a weak magnetic field, such that the Larmor
frequency (directly related to magnetic field strength B as wp = 52 B, up is Bohr
magneton and % is the reduced Planck constant) is comparable to the Einstein-A
coefficient of the upper level of the atomic transition considered, there is modification
in the degree and orientation of the observed linear polarization which depends on
the strength and direction of the local magnetic field vector. This effect is referred
to as the critical Hanle effect (Mitchell, Zemansky, and Keenan, 1934; Raouafi, 2002;
Landi Degl’Innocenti and Landolfi, 2004). If the magnetic field is stronger such that
the Larmor frequency is much higher than the lifetime of the excited state, the change
in the degree and orientation of the linear polarization depends only on the direction
of the magnetic field vector, but not on its strength. This regime is described as the
saturated Hanle effect (House, 1977; Casini and Judge, 1999; Lin, Penn, and Tomczyk,
2000).

At the photosphere, routine magnetic field measurements are being performed with
both high and moderate spatial resolution (Lagg et al., 2017) and quite recently, sig-



Identification of Hanle sensitive lines in EUV and FUV

nificant progress has been made with chromospheric magnetic field measurements as
well (Trujillo Bueno, 2014; Lagg et al., 2017; Ishikawa et al., 2021). On the other hand,
magnetic field measurements at the TR and corona are still sporadic. Confirmed de-
tection of Stokes V' signal through Zeeman effect in the forbidden line due to Fe X111 at
10747 A was reported by Lin, Penn, and Tomczyk (2000) and Lin, Kuhn, and Coulter
(2004). Raouafi, Lemaire, and Sahal-Bréchot (1999) reported the linear polarization
signal in O v1 at 1032 A which was derived by exploiting the instrumental polarization
of the Solar and Heliospheric Observatory (SOHO)/Solar Ultraviolet Measurements
of Emitted Radiation (SUMER) spectrometer. Raouafi, Lemaire, and Sahal-Bréchot
(1999); Raouafi et al. (2002); Raouafi, Sahal-Bréchot, and Lemaire (2002) interpreted
this signal in terms of Hanle effect and deduced a field strength of ~ 3 G at 0.3 Rg
above a coronal hole. The Upgraded Coronal Multi-channel Polarimeter (UCOMP)
produces full Stokes spectropolarimetric measurements in coronal emission lines rang-
ing from 5303 A to 10798 A and, chromospheric lines due to H 1 at 6563 A and He 1 at
10830 A (Tomezyk et al., 2022; Landi, Habbal, and Tomczyk, 2016). The Daniel K.
Inouye Solar Telescope (DKIST) is routinely providing high resolution and high pre-
cision spectropolarimetric observations over the wavelength range of 3800 to 50,000
A (Rast et al., 2021; Harrington et al., 2023). Visible Emission Line Coronagraph
(VELC) onboard ADITYA-L1, a space based observatory which is recently launched
in September 2023, is expected to produce spectropolarimetric observations of corona
in Fe x111 10747 A line (Nagaraju et al., 2021; Narra et al., 2023). Another upcoming
ground-based facility is the COronal Solar Magnetism Observatory (COSMO) which
will comprise of the Large Coronagraph (LC), the K-coronagraph (K-cor) and the
Chromospheric and Prominence Magnetometer (ChroMag) for the measurement of
magnetic fields and thermodynamic conditions in the chromosphere and corona (Hou,
de Wijn, and Tomczyk, 2013; Tomczyk et al., 2016).

Understanding the fundamental physical processes occurring in the upper solar
atmosphere requires accurate knowledge about vector magnetic field simultaneously
at multiple heights. The magnetic field measurements reported above exhibit several
limitations in inferring the vector magnetic field in the TR and corona. The linear
polarization signal of magnetic-dipole transition (forbidden) lines is practically insen-
sitive to TR and coronal field strengths (with Larmor frequency being much greater
than lifetime of the upper level of transition), and can only constrain the field ori-
entation in the plane perpendicular to LOS (House, 1977; Casini and Judge, 1999)
through the saturated Hanle effect. The electric-dipole transition (permitted) lines,
on the other hand, exhibit linear polarization signal which is, in theory, sensitive to
the full vector magnetic field (due to Larmor frequency being comparable to upper
level lifetime). Nevertheless, the LOS component of the field produces circular polar-
ization through longitudinal Zeeman effect in case of both permitted and forbidden
lines; however, the circularly polarized signal (Stokes V/I) induced by the coronal
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magnetic field is very weak. The measurements by Lin, Kuhn, and Coulter (2004)
have shown that the Stokes V/I signal in Fe x111 at 10747 A is close to 10~* for a LOS
field strength of a few gauss. This signal is even weaker (explained in Section 2.3.1) at
shorter wavelengths, such as far-ultraviolet (FUV) and extreme-ultraviolet (EUV), in
the orders of 10~* and 107°, respectively, for a line with comparable effective Landé
factor and line steepness (i.e. g—/]\). Meanwhile, Zhao et al. (2019) have estimated the
Hanle polarization signal to be atleast 100 times stronger than the Zeeman polariza-
tion signal. Therefore, the critical Hanle effect offers a clear advantage to be used as
a full vector magnetic field diagnostic.

Furthermore, Bommier, Sahal-Bréchot, and Leroy (1981) proposed a method which
utilises a minimum of two permitted lines with different Hanle sensitivity to obtain
the vector magnetic field information. This method has successfully been applied to
derive the vector magnetic field in prominences (Leroy, 1977; Bommier et al., 1994;
Bommier, Leroy, and Sahal-Bréchot, 2021) and has also been extended to obtain em-
pirical information on the TR fields (Trujillo Bueno, Stépan, and Belluzzi, 2012). In
principle, this method can be utilized to study the coronal fields as well. However,
it is important to identify such amalgamation of spectral lines originating from high
plasma temperatures of the TR and corona, which are well suited for diagnosing the
magnetic fields in these layers.

2.2 Instruments and Data

In this analysis, we have utilized spectroscopic data from three different space-based
missions. One is the EUV Imaging Spectrometer (EIS; Culhane, 2007), onboard
the Hinode spacecraft, which is designed to observe in two wavelength ranges (SW:
166 — 212 A; LW: 245 — 291 A). These wavelength bands consist of several emission
lines from highly ionised species ranging from 4.7 to 7.3 in the logarithmic scale of
temperature (log1o(T)). Another is a sounding rocket instrument, named the Extreme
Ultraviolet Normal Incidence Spectrograph (EUNIS), which observed a coronal bright
point around 18:12 UT on 2006 April 12. A brief description of the instrument has
been provided by Brosius, Rabin, and Thomas (2007). The EUV spectra obtained by
EUNIS covers first-order wavelengths from 300 to 370 A over a temperature range of
5.2 to 6.4 in logio(T) (Brosius et al., 2008). The third instrument is SUMER which
is a high-resolution telescope and spectrograph, onboard the Solar and Heliospheric
Observatory (SOHO), which observed the Sun over the wavelength range from 470 to
1609 A (Curdt and Landi, 2001; Curdt, Landi, and Feldman, 2004).
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2.3 Formulation and Methodology

The essence of Hanle effect in diagnosing the magnetic field is the modification of
scattering polarization (i.e., linear polarization) in spectral lines and rotation of plane
of polarization in the presence of external magnetic field. Such an effect is observed
when the splitting of energy levels of a given spectral line due to external magnetic
field is comparable to their natural line-width. This implies that the Hanle effect is
most effective when (Bommier, Sahal-Bréchot, and Leroy, 1981)

guwpT =1, (2.1)

where g, is the Landé factor of the upper atomic level; wp is the Larmor frequency
and 7 is the lifetime of the upper energy level, which is equivalent to the recip-
rocal of summation over the Einstein A coefficients, assuming that radiation and
collision induced transitions are negligible with respect to the spontaneous radiative
de-excitation. When Eq. 2.1 is satisfied, the corresponding field strength is called
the critical field (By). Bommier, Sahal-Bréchot, and Leroy (1981) have defined the
domain of Hanle sensitivity as

0.1 < guwpT < 10 (2.2)

based on the uncertainty analysis of vector field determination. In the lower limit,
the relative error on field strength is small but uncertainty in determining the field
direction is large. In the upper limit, it is the vice-versa. The condition 2.2 is further
restricted to the domain (Trujillo Bueno, 2014)

0.1 < gywptT <5 (2.3)

which is used for the selection of suitable spectral lines with varied Hanle sensitivity,
as shown in Table 2.1.

Given the expected field strength in the TR and corona, permitted lines are mostly
in the Hanle regime due to their shorter lifetimes (in the order of 10~ s). On the other
hand, magnetic sub-levels of the forbidden lines are well separated (i.e., gywpT > 5,
which breaks the condition 2.3). As a consequence, only the LOS field strength
through circular polarization (Harvey, 1969) and the field azimuth through Hanle
regime linear polarization (Querfeld and Smartt, 1984; Arnaud and Newkirk, 1987) can
be determined by utilizing these lines. This is because the linear polarization produced
by the transverse Zeeman effect is below the detection level of current observational
capabilities for magnetic fields of a few gauss. Therefore, Stokes @ and U, in case
of the forbidden lines, are completely dominated by the residual atomic alignment*

*Atomic alignment is defined as the differential pumping of the atomic states, with magnetic
quantum numbers | M|, due to anisotropic illumination of the atoms.
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which does not depend on the field strength (the so-called saturated Hanle effect: '
Sahal-Bréchot (1977)). In the upcoming sections, we have discussed and estimated
various parameters required for selecting the Hanle sensitive lines which are suitable
to probe the weak magnetic fields of the TR and corona.

2.3.1 Stokes V/I estimation

The Zeeman effect is caused by the splitting of the energy levels in the presence
of external magnetic field which produces characteristic polarization depending on
the orientation of vector magnetic field with respect to the observer’s LOS. Under
the weak field approximation (Landi Degl’Innocenti and Landolfi, 2004), the relation
between Stokes V/I and the longitudinal magnetic field (B)) is given by

V(A

= 4. 10713 g\’B
I()\) 67 x 10 g I

1 dI())

YRR (2.4)

where dﬁl(;‘) is the intensity derivative with respect to wavelength, and g is the effective
Landé factor. Due to the dependence of Stokes V' amplitude on g, A and %&)‘), which

usually differ from one spectral line to the other, it is useful to estimate the Stokes

V' sensitivity of the spectral lines in UV so that this information may be combined
with the Hanle measurements to infer the vector magnetic field. For this study, the
spectroscopic observations from the SUMER spectrometer (Curdt and Landi, 2001;
Curdt, Landi, and Feldman, 2004) have been used and relevant data was downloaded
from https://sdac.virtualsolar.org.

Before estimating the intensity derivative, the spectral profiles corresponding to
a given spectral line are fitted with Gaussian function. The derivatives of intensity
with respect to wavelength are calculated and normalized to the local intensity of
each Gaussian fitted profile. Then the mean of the derivative values (absolute and
normalized) at half-maxima of both the blue and the red wings is obtained. Using
the mean derivative value in Eq. 2.4, the Stokes V/I amplitude is estimated for each
Gaussian fitted profile along the spatial axis. Finally, the mean Stokes V/I amplitude
is calculated for a given spectral line. The standard deviation of the Stokes V/I am-
plitude is also estimated relative to its mean value over the fitted spectral profiles. In
the above analysis, the Stokes V/I amplitude increases by 1.3 (for detector A) and 1.1
(for detector B) when the Stokes I profiles are corrected for the instrumental broad-
ening. This implies that there is no significant change in the Stokes V/I amplitudes
due to instrumental broadening effect and therefore while calculating Stokes V/I, it
can safely be unaccounted for.

Figure 2.1 shows the sample mean intensity profiles of a forbidden line in FUV

TIn the saturation limit of the Hanle effect, all the quantum level coherence is destroyed, while
only the population imbalance due to the anisotropic radiation remains, which is insensitive to the
field strength.
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Figure 2.1: Sample intensity profiles of Fe XI at 1467 A (left panel), and Mg IX at
706 A (right panel) are shown along with their corresponding derivative plots. The
solid orange curves are the Gaussian fit to the observed blue data points (the filled
circles). The error bars correspond to the dispersion in intensity values across the
spatial pixels over which the spectral profiles are averaged. The dotted curves are the
derivatives of the fitted Gaussian curves normalized to the local intensities.

due to Fe X1 at 1467 A (left panel) and a permitted line in EUV due to Mg IX at
706 A (right panel) along with their corresponding mean intensity derivatives (the
dotted curves). The error bars correspond to the dispersion in intensity values across
24 spatial pixels over which the spectral profiles are averaged. For a LOS field of 10 G,
the Stokes V/I amplitudes for Fe X1 at 1467 A and for Mg 1x at 706 A (both having
G as 1.5, see Table 2.1) are estimated as 1.34 x 10™% and 2.6 x 107, respectively.

2.3.2 Transition probability

The lifetime of the upper energy level is equal to the reciprocal of sum over the Einstein
A coefficients, i.e. 7 = ﬁ Transition probability or the Einstein A coefficient
(A =3_; Ag;) is the total rate of all spontaneous radiative transitions from the upper
level (k) to all the lower levels to which the level k can de-excite. These coefficients
help in determining the range of magnetic field strength to which the spectral lines are
sensitive in the Hanle regime (cf. Egs. 2.1 and 2.2). Besides, they are also important
for the visibility of the spectral lines in the solar corona. The A values are obtained
from current version 10.0 of the CHIANTTI atomic database (Dere et al., 1997; Del
Zanna et al., 2021) and are listed in the sixth column of Table 2.1.

2.3.3 Landé factors

In light elements, the electrostatic interaction dominates over the spin-orbit coupling
such that the orbital angular momenta of the individual electrons get coupled to give
a total orbital angular momentum E, while the spins of the electrons get coupled to

18



2.3 Formulation and Methodology

give a total spin S . This is referred to as Russell-Saunders or LS coupling. However,
for heavier atoms with larger nuclear charge, the spin-orbit interactions are stronger
leading to jj coupling. A more general and practical case exists in certain atoms, par-
ticularly mid-weight atoms and those with almost closed shells, which lie in between
these two coupling limits. Such a coupling is termed as intermediate or i-coupling,
in which both the electrostatic and the spin-orbit interactions may be present with a
relative order of magnitude. From the selection rules described in Condon and Short-
ley (1935) and Drake (2006), the coupling scheme of the atomic levels associated with
the dipole (electric or magnetic) transitions are identified. In case of LS coupling,
the following expression is used to determine the Landé factors of individual energy
levels.

3 SS+1)—L(L+1)

9=3+ 2J(J +1)

(2.5)

where L and S are the total orbital and spin angular momentum quantum numbers,
respectively; and J is the total angular momentum which is defined as J=L+8S.
Eq. 2.5 holds only for LS coupling scheme which may fail in cases involving atomic
or ionic lines of high excitation potential and intermediate coupling may have to be
considered.

There are no lines exhibiting jj coupling in this analysis. For intermediate coupling,
the Landé factors g1 and go are first estimated using formula 2.5, and then compared
with the corresponding values from Verdebout et al. (2014). It is found that the val-
ues calculated in this work match closely with those estimated using the GRASP2K
(Jonsson et al., 2007) code in Verdebout et al. (2014). GRASP2K is a fully relativis-
tic multiconfiguration Dirac-Hartree-Fock (MCDHF') method based atomic structure
package. The Landé factors of the individual levels are listed in the seventh column
of Table 2.1. The effective Landé factors are calculated using the following formula
(Landi Degl’Innocenti, 1982),

7= 5o +02) + 1o~ @A+ 1)~ B+ 1) (26)

where J; and g1 are total angular momentum and Landé factor of the lower energy
level, respectively; Jo and go correspond to that of the upper energy level. All the
estimated values of g factor are listed in the eighth column of Table 2.1.

2.3.4 Polarizability coefficient

The polarizability coefficient (W3) is a scaling factor which quantifies the fraction of
linear polarization produced by resonant scattering of the incoming radiation. Ana-
lytical expressions for W for the allowed transitions corresponding to AJ = Jy—J; =
0,+1 (with Jo = J; = 0 being forbidden) are given by (Stenflo, 1994)
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Case I: When Jo = J; — 1,

(/1 = 121 = 3)

W, = 2.7
27 104124, + 1) 27)
Case II: When J, = Jq,
(2J1 — 1)(2J1 + 3)

Wo = 2.8
? 10J1(J1 + 1) (2:8)

Case III: When J, = J; + 1,

Ji+2)(2J1+5

Wy = (J1+2)(2J1 +5) (2.9)

C10(J1 +1)(2J1 + 1)

The calculated values of Wy for the corresponding FUV and EUV spectral lines are
listed in the tenth column of Table 2.1.

2.3.5 Line irradiance and other properties

The EIS off-limb spectra consists of spectral lines whose intensities over active region
and quiet sun have been collected from Del Zanna (2012). The off-limb line intensities
from 470 to 1609 A spanning over three regions, i.e., quiet sun (QS), active region
(AR) and coronal hole (CH), have been assembled from Curdt, Landi, and Feldman
(2004). All the line irradiances from EIS and SUMER are available in the units of

photons cm™2 s™! arcsec™2. But for the EUNIS on-disk observations of spectral lines

from 300 to 370 A, the given line irradiances are converted from erg cm=2 s~% sr—!

2 571 arcsec™? (see Eq. 2.10) in order to simplify the comparison with

to photons cm™
other spectral lines (from EIS and SUMER observations) used in the present analysis.
The spectral irradiances for different solar regions are listed in Table 2.1 in the units

2,1 2

of photons cm™“s™“arcsec™~.

1erg em 25 tsr™1 = 11.8324 x 107* x X photons em™2s Larcsec™ | (2.10)

where ) is the wavelength (in A) of the corresponding spectral line.

The atomic species along with their ionization state are listed in the first column
and the observed wavelength in Angstrom (A) is given in the second column. In the
third, fourth and fifth column, we have listed the corresponding level configurations,
the peak formation temperature (logarithmic value) of the lines, and their transition
type, respectively. These line formation temperatures are obtained from Feldman
et al. (1997); Brosius et al. (2008); Curdt and Landi (2001); Zanna and Mason (2005);
Young et al. (2007); Moran (2003). Although the peak formation temperature is
mentioned for most of the spectral lines in Table 2.1, it should be noted that the lines

are always formed in a range of temperature, not at a single value (Feldman et al.,
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1998; Warren and Warshall, 2002; Warren and Brooks, 2009; Saqri et al., 2020). For
example, any spectral line shown at log;y(7") = 6.1 may actually be formed within a
range of log;((T") = 5.85 to 6.3. Further, the critical Hanle field strength (Bgy in G)

for maximum Hanle sensitivity are listed in the ninth column.

2.4 Results and Discussion

The search for spectral lines in FUV and EUV to probe vector magnetic field has
been discussed in this Chapter. The outcome of this search is summarized in a graph-
ical representation shown in Figure 2.2. In this figure, each line is represented by a
rectangular box with its length along Y-axis indicating the range of magnetic field
sensitivity, due to Hanle effect as dictated by Eq. 2.3. The width of the box along
X-axis is not a true representation of temperature sensitivity range, but only to indi-
cate the peak formation temperature given in logarithmic scale. Actual temperature
sensitivity extends much beyond that is indicated by the width of the box. Each
box is marked by the wavelength of the spectral line along with the corresponding
name of the ion and the Hanle critical magnetic field (By). The closed solid circles
in this figure represent the FUV lines, whose locations along X and Y-axis indicate,
respectively, the peak formation temperature and the assumed field strength of 10 G
(at which their estimated Stokes V/I signal is in the order of 107%).

While selecting the spectral lines presented in Figure 2.2, the polarizability coef-
ficient (W3), line irradiance and By are considered. Only lines with By in the range
0.01 - 200 G, Wy > 0 and their intensity > 1 photon cm™2?s™'arcsec™2
in this figure. The range of field strength chosen is directed by the magnetic field

are shown

measurements reported in the literature (see for e.g., Figure 5. of Peter et al., 2012
and Figure 4. of Sasikumar Raja et al., 2021).

Regarding the intensity criteria, it is apparent that the spectral lines with max-
imum irradiance should be chosen as spectropolarimetric observations are photon
starved. However, it is difficult to find spectral lines with high irradiance which are
sensitive to Hanle and Zeeman effects, and cover a suitable temperature range as well.
The O V1 line at 1031.91 A is a good Hanle sensitive line both in terms of number of
photons and Bg. However, in order to derive vector magnetic field there is no spectral
line (in close proximity) with the same peak formation temperature. Given the fact
that the line formation temperature is not a delta function but has a range, this line
can be used with other lines having adjacent formation temperature. For instance,
this line can be used together with Ne vIII at 770.42 A to derive vector magnetic
field information. Although the number of photons in these two lines are relatively
close, they are separated in their wavelengths by ~ 260 A and formation temperature
differs by ~ 0.3 on logarithmic scale. Similarly, Ly-a line at 1215.67 A is sensitive
to Hanle effect (By= 53 G) having extremely high line irradiance. However, there is
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Table 2.1: Table showing ionization state of the atomic species, corresponding wavelength and level configuration, temperature of
line formation (logio(T)), type of transition (TT: E1 or M1), effective Landé factor (g) , critical field strength (By), polarizability
coefficient (W3) and line irradiances in three different solar regions. E1 and M1 refer to electric dipole and magnetic dipole transitions,
respectively. 29%1L; is the notation used in each atomic level configuration, where L, S and J are total orbital, spin and angular

momentum quantum numbers respectively.

Ion AA) Transition (i-k) log;o(T) TT A(s!) gi—8 8 By W3 L (ph cm—2starcsec—2)
(gauss) QS AR CH

Fe1x  171.073 3s% 3p°® 1S, 6.11 El1 228x 10" 1-1 1 25817 1 140.7 265 -
- 3s% 3p° 3d P,

Fe X 174.531  3s* 3p° “Py)s 6 El 1.86x 10" 1.33-1.2 1.1 17551  0.28 119.7 172.7 -
- 352 3p? 3d 2Dy 5

Fe x 184537 3s? 3p° *Py)y 6 El 163 x10" 1.33-2 117 9245 0 336 479 -
- 3s? 3p* 3d 284 /9

Fe xim 195119 3s® 3p® *S;) 6.1 El1 883x10 2-1.6 1.3 6249  0.28 136.2 312 -
- 352 3p? 3d ‘P s

Fe x11  202.044 3s? 3p? 3Py 6.2 El 533x10° 15-15 1.5 4024 1 1033 3495 -
- 352 3p 3d *P,

Si x 258.374 25 2p *Py 6.1 El1 1.72x10Y 1.33-1.33 133 1461 0.32 44.1 66.3 -
- 25 2p? 2Py 9

Si x 261.056  2s® 2p Py o 6.1 El 1.68x 10 1.33-0.67 1.5 2853 0 263 378 -
- 25 2p2 2Py )5

Fe x1v  264.788 3s* 3p “Pj3)s 6.3 El 4.26x 10" 1.33-1.33 133 3618 032 17.1 92.1 -
- 35 3p? %P3 )9

Fe xv  284.163 3s? 1Sg 6.3 El 211x10° 1-1 1 2389 1 24.3 5766 -
-3s3p 'Py

Sixr  303.325 1s®2s? 1S 6.2 El 6.38x107 1-1 1 722 1 - 1049 -
- 1s%2 25 2p 1Py

Fe x1  308.544 3s? 3p* D, 6.1 El 884x10° 1-1 1 1001 0.01 - 13 -
- 3s 3p° 1Py

Fe x11  312.174 3s? 3p? 3P, 6.2 El 4.07x10° 15-15 1.5 307 0.25 - 12 -

- 3s w@w 3P,
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Ion MA) Transition (i-k) log;o(T) TT A(s™!) gi — 8k g By W3 L (ph om—2s~tarcsec—2)
(gauss) QS AR CH

Fe xi1  318.13  3s% 3p? 'Dy 6.2 El 561x107 1-1 1 635 035 - 10.8 -
- 3s wcw 1D,

Fe x11  320.8 3s% 3p? 3P, 6.2 El 389x10° 15-15 1.5 294 035 - 404 -
- 3s 3p° 3P,

Fe xv  327.033 3s 3p °P» 6.3 El 467x10° 15-1 1.25 529 035 - 64 -
_ w_.uw :Um

Cr xi1  328.268 2p® 3s? 1S, 6.2 El 1.73x100 1-1 1 1959 1 - 25 -
- 3s w@ HHUH

Al x 332.79  1s? 282 1S, 6.1 El 574x10° 1-1 1 650 1 - 352 -
- 1s? 2s 2p 1Py

Fe x1v  334.178 3s” 3p *Py 6.3 El 249x10° 0.67-0.8 0.83 352 0.5 - 74 -
- 35 3p? 2Dy

Fe xvi  335.409 2p° 3s 2S5 6.4 El 787x10° 2-133 1.17 669 05 - 159 -
- 2p° 3p 2Py

Fe x11  338.263 3s” 3p” Dy 6.1 El 337x10° 12-12 1.2 318 037 - 238 -
- 3s 3p* 2Dy /9

Fe x1  341.113 3s® 3p* 3P, 6.1 El 328x10° 15-15 15 248 001 - 255 -
- 3s wUm wHUH

Siix  341.949 2s% 2p? %Py 6.1 El 2.4 x10° 1.5-05 1 544 1 - 182 -
- 25 2p3 3Dy

Fe X1 346.852 3s? 3p® S3)o 6.1 El 1.86x10° 2-267 1.83 - 0 - 302 -
- wm M_U% %HUH 2

Fe x11  348.183 3s? 3p? °Py 6.2 El 161x10° 15-05 1 365 1 - 293 -
- 3s 3p? 3Dy

Fe xi1 352.106 3s® 3p? *S3/9 6.1 El 1.64x10° 2-173 187 107 0.32 - 648 -
- 3s 3p* P39
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Ton AMA)  Transition (i-k) log;o(T) TT A(s™h) gi—g g By W3 L (phom2'arcsec2)
(gauss) QS AR CH

Fe x1  352.67 3s® 3p* 3P, 6.1 El 311x10° 15-15 1.5 235 0.35 - 64.3 -
- 3s w@m wHUM

Fe x1v  353.829 3s” 3p “Py)» 6.3 El 19x10° 133-12 1.1 179 0.28 - 38.6 -
- 35 3p2 %Dy 5

Fe x1  356.519 3s” 3p* 3P, 6.1 El 328x10° 15-15 1.5 248 0.25 - 10.4 -
- 3s 3p° %Py

Fe x11  359.644 3s? 3p? 3P, 6.2 El1 15x10° 15-1.17 1 146 035 - 54.1 -
- 3s 3p3 3Dy

Fe x11  359.839 3s? 3p? Py 6.2 El 1.61x10° 15-05 1 365 0.25 - 5.3 -
- 3s w@w 3D,

Fe xvi  360.758 2p° 3s *S; o 6.4 El 6.34x10° 2-067 1.33 - 0 - 76.9 -
- 2p° 3p *Pyyy

Fe X1 364.467 3s® 3p® 1S5, 6.1 El 1.62x10° 2-1.6 1.33 115 0.28 - 85.4 -
- 3s 3p? P55

Mg 1x 368.071 1s? 25 'S 6.0 El 5.12x10° 1-1 1 580 1 - 486 -
- 1s? 25 2p 'Py

Fe x1  369.163 3s” 3p* 3P, 6.1 El 3.11x10° 15-15 15 235 0.35 - 20.5 -
- 35 3p° 3Py

Sixm  499.4 1s? 25 S 6.3 El 961 x10® 2-133 1.17 82 0.5 23.3 166.4 -
- 1s? 2p %P5 5

Sixum 52067 1s? 25 Sy 6.26 El 848 x10° 2-0.67 1.33 - 0 13.3 100.9 -
- 1s? 2p wmﬁ\w

ALXI  550.031 1s® 28 %Sy 9 6.26 El 852x10% 2-133 117 72 0.5 7.9 485 -
- 1s? 2p %P5 9

Cax  557.76  2p° 3s ?Sy)y 585-6 E1 3.77x10° 2-1.33 1.17 320 05 9.0 197 5.2

- 2p° 3p *Py)o
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Ion AA) Transition (i-k) logio(T) TT A(s™!) gi — 8k g By W, L (ph em 25 larcsec—2)
(gauss) QS AR CH

Al X1 568.12  1s* 25 Sy 6.26 El 7.73x10° 2-0.67 1.33 - 0 53 235 -
- 182 2p 2Py o

Ca X 574.01  2p% 3s Sy 585 -6 E1 3.47x10° 2-0.67 1.33 - 0 6.0 122 3.2
- 2p° 3p *Pyyy

Si X1 604.15  2s 2p 'Py 6.26 El 1.09x10° 1-1 1 123 035 25 4.1 -
B MUN HUM

Mg X 609.793  1s” 25 %Sy /o 6.04 El 7.53x10° 2-1.33 1.17 64 0.5 213 341 26
- 1s? 2p 2Py /9

Mg X 624.94  1s* 25 *S; 6 El 7x10°® 2-0.67 1.33 - 0 118 346 16
- 182 2p 2Py o

Al X 637.763 2s% 'S, 6.15 El 1.94x10° 1-1.5 1.5 0.01 1 3 49 018
- 2s 2p 3P4

Al X 670.053 2s 2p 'Py 6.13 El 938x10% 1-1 1 106 0.35 0.38 0.61 0.07
_ M@m HUM

Si 1x 676.503 2s? 2p? 3P, 6.05 El 6.54x10* 1.5-2° 225 <1 035 20 21  0.63
- 25 2p3 55,

Al 1xX 680.318  2s? 2p 2P 9 6.02 El 3.75x10* 0.67-1.73" 2 <1 0.5 43 44  0.33
- 25 2p? 4Py )y

Naix 681719 1s* 2s *S; ) 5.92 El 6.78 x 10 2-1.33 1.17 58 0.5 7.6 346 49
- 1s? 2p %P5 /9

Mg vl 689.641 2s 2p” *Py s 25.95 El 4.15x10° 133-12 1.1 392 0.28 0.31 0.76  0.33
- 2p® ?Ds 9

Naix  694.261 1s* 2s Sy 5.92 El 6.42 x 10° 2-0.67 1.33 - 0 35 184 26
- 182 2p 2Py /o

& Moran, 2003
* Landé factor of upper and lower energy level has been compared with Verdebout et al. (2014)
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Ion MA) Transition (i-k) logio(T) TT A(s™!) gi — 8k g By W3 L (ph em=2slarcsec—2)
(gauss) QS AR CH

Si 1x 694.686 2s? 2p? 3Py 6.05 El 216x10° 1.5-2 1.75 0.01 035 4.1 6.7 1.5
- 25 2p3 °S,

Arvin o 700.24  2p® 3s %S; )y 5.61 El 27x10° 2-1.33 1.17 229 05 1.0 1.3  0.87
- wvm 3p wwm\m

Mg i1x  706.06 1s? 2s? 'S 5.99 El 97x10* 1-15 1.5 <1 1 102 215 92
- 1s? 25 2p 3Py

Arvin o 713.801  2p° 3s *S; o 5.61 El 256 x 10 2-0.67 1.33 - 0 045 085 0.51
- wwm 3p w_uH 2

Mg 1x  749.552 1s? 2s 2p 'P, 5.85-6 El 7.96x10% 1-1 1 90 0.35 1.6 4.4 1.6
- 18?2 2p? Dy

Mg ViII  762.66  2s* 2p *Py s 5.91 El 1.82x10* 0.67-1.73" 2 <1 0.5 0.1 035 0.33
-2s w@w %HUw 2

Mg VI 769.355  2s* 2p 2Py o 5.91 El 1.38x10° 0.67-2.67 1.67 - 0 0.24 097 0.97
- 25 2p? 4Py )y

Ne vir 77042 1s* 25 Sy 5.85-6 El 5.76 x 10° 2-1.33 1.17 49 0.5 395 177.9 414
- 1s? 2p %P5y

Mg vl 772.26  2s® 2p *Py)o 5.91 El 6.06x10* 1.33-1.6 1.8 <1 028 13 438 4.1
- 25 2p* Py 5

S x 776.373  2s?2p® 4S5 6.14 M1 4.92x 102 2-1.33" 1.66 <1 032 23 41 0.14
- 252 2p? 2Pg /9

Ne viir - 780.385  1s%2s *S; )p 5.85-6 El 5.54 x 10° 2-0.67 1.33 - 0 331 1139 29.7
- 1s* 2p Py 5

Mg Vil 782.362 2s* 2p *Py/o 5.85-6 El 182x10* 1.33-1.73" 153 <1 032 12 33 3.9
- 25 2p? 4P5 /9

S X1 782.981 2s? 2p? 3P, 6.15 Ml 914x102 15-17 1.5 - 0 1.0 24 -
- 252 2p? 1S,

* Landé factor of upper and lower energy level has been compared with Verdebout et al. (2014)
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2.4 Results and D

Ion AMA) Transition (i-k) logio(T) TT A(s™!) g — 8k g By W3 L (ph em—2s larcsec—2)
(gauss) Qs AR CH

S X 787.557  2s% 2p* 1S5, 6.26 Ml 14x102 2-067  2.34 - 0 1.5 2.4 -
- 252 2p3 2Py /o

Mg vl 789.409  2s* 2p *Py )y 5.6 El 1.38x10° 1.33-2.67 0.995 - 0 0.27 1.2 0.95
- 25 2p2 Py 5

Na viir  789.808  2s? 1Sg 5.85-6 El 451x10* 1-15 1.5 <1 1 0.17 1.3 0.77
- 2s 2p %Py

Na VIl 847.91 2s 2p 1Py 5.6 El 6.66x10° 1-1 1 75 0.35 0.053 - 0.16
_ M@w :Uw

Svir  867.88 2p* 3s Py )9 5.85-6 El 156 x10% 267-12 0.83 147 0.5 0.068 - -
- 2p* 3p ﬁuw 2

Si 1x 950.083  2s? 2p? 3P, 5.85-6 Ml 213x102 1.5-1 1.5 - 0 2.6 52 1.3
- me M@m Hmo

O vI 1031.912  2s Sy 5.6 El 4.16 x10° 2-1.33 1.17 35 0.5 124 260 74
- 2p www 2

O vi 1037.613  2s Sy 5.6 El 41x10%° 2-0.67 1.33 - 0 50.6 124 33.9
- 2p 2Py )y

S x 1212.93  2s% 2p® 4S5 6.15 M1 1.56 x 101 2-0.8 1.4 <1 032 9.6 15.5 0.38
- 252 2p3 2Dy 9

H1 1215.67  1s %Sy 4-55 El 6.26 x 1085 2-1.33 1.17 53 0.5 PL5x10° - -
- 2p *Py)o

Fe x11 1242 3s? 3p® 1S5 6.26 M1l 54x10° 2-1.33 1.67 <1 032 30.9 47.8 0.81
- 352 3p? 2P5 5

Fe xu  1349.4 3s? 3p? 1S3/, 6.15 M1 2.38 x10° 2-0.67 2.34 - 0 18.1 28.5 0.41
- 352 3p3 2Py 9

Fe X1 1467.07  3s? 3p* 3P, 6.15 M1 887x10° 1.5-1 1.5 - 0 12.5 155 1.5
- 3s2 3pt 1S,

b Tian et al., 2009

* Landé factor of upper and lower energy level has been compared with Verdebout et al. (2014)
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Figure 2.2: Graphical representation of magnetic sensitivity of the spectral lines in the domain of Hanle effect (cf. Eq. 2.3). The
domains are shown in rectangular boxes, each of which covers an approximate temperature range along the X-axis and, magnetic field
strength from 0.1Bgy to 5By along the Y-axis (Not to be scaled). The middle of each rectangular box along the X-axis represents the
peak line formation temperature. FUV spectral lines, having best estimated Stokes V signal, are shown using solid circles at a weak

magnetic field strength of 10 G.
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2.5 Conclusion

no spectral line with similar line irradiance and formation temperature to be used in
association with Ly-a.

The O VI at 1037.61 A and Ne vii1 at 780.39 A lines with W = 0 can be used
for zero polarization reference which may help in correcting for systematic artifacts.
The Na 1X at 681.72 A can also be used together with Ne vir at 770.42 A but the
number of photons is significantly less (close to a factor of 4). The combination of
Ne viir at 770.42 A (log,o(T) = 5.9, By = 49 G) and Mg X at 609.79 A (log;o(T) =
6.0, By = 64 G) is good to probe vector magnetic field from the regions of plasma
with temperature in the range of log;o(7") = 5.9 — 6.0. Both lines have good line
irradiance. However, the wavelength separation is about 160 A between these two
lines. Nevertheless, there are two spectral lines, Ne viII at 780.39 A and Mg x at
624.94 A, which can be used as zero polarization reference with this line combination.

Interestingly, Si 1X at 694.69 A has similar line irradiance as Na I1X at 681.72 A,
but exhibit different sensitivity to Hanle effect, with g,wpT = 1 for 0.01 G and 58
G, respectively. Therefore, while Si 1X 694.69 A line is principally sensitive only to
the field direction, Na 1xX 681.72 A will be suited for determining the magnetic field
strength.

There are several spectral lines in the wavelength range of 350 - 370 A with
By = 100 — 180 G which can be used to probe vector field from the regions with
plasma temperature of log;o(7") = 6.1 to 6.3. The greatest advantage here is that
these lines are clustered within a wavelength band of about 20 A which is beneficial
in terms of instrument design and development. However, these lines have moderate
number of photons compared to the lower temperature lines mentioned in the preced-
ing paragraphs. At log;,(7T") = 6.3, there are two spectral lines which are best suited
for vector magnetic field measurements, i.e., Al XI at 550 A and Si x11 at 499.4 A,
because both of these lines are close to each other in terms of wavelengths and also
their By values which are 72 G and 82 G, respectively.

2.5 Conclusion

In this study, we have estimated the aforementioned parameters for the spectral lines
in the wavelength range of 100 to 1600 A to determine their Hanle sensitivity in the
TR-coronal magnetic fields. We found that there are several permitted lines in EUV
with different Hanle sensitivity in the temperature range of log;,(7) = 5.5 — 6.3. A
few FUV spectral lines were also examined in the context of providing additional
constraints on the LOS component of the magnetic field vector. However, the use
of FUV lines is limited by the large wavelength separation (for e.g., a passband of
about 110 A exists between 1349 A and 1467 A) between them. This implies that
a single instrument based on the concept of Brewster’s angle (as elaborated in the
upcoming Chapter 4) cannot cover such a wide wavelength band due to variations in
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the refractive index of the surface coating over this range.

The Hanle sensitivity of the spectral lines given in Figure 2.2 is limited to > 4 G,
with the exception of Si 1X and Al X lines, having Hanle sensitivity from 0.001 to
0.05 G, which may be useful in probing very weak magnetic field in the milligauss
range. This implies that the coronal height up to which most of the magnetic field
measurements can be carried out is limited to < 2Rs. The impact of electron colli-
sions becomes significant due to larger electron density at these heights. Therefore,
detailed modeling of each individual line (shown in Figure 2.2) becomes important
to estimate the effects of depolarizing collisions along with other symmetry breaking
processes, such as non-radial solar wind, ion temperature anisotropy and presence
of active regions (Fineschi et al., 1993; Zhao et al., 2019, 2021), on the real-time
spectropolarimetric observations.
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Chapter 3
FORWARD synthesis of EUV linear po-
larization

Extreme-ultraviolet Polarimetric Diagnostics of the Solar Corona: The Hanle
Effect of Ne vi1 770 A

Raveena Khan, Sarah E. Gibson, Roberto Casini, K. Nagaraju, 2024, The
Astrophysical Journal, 971, 27.

3.1 Introduction

Magnetic fields of the TR and the solar corona manifest in form of the structures
of inhomogeneous and dynamic hot plasma observed in these layers. However, the
formation and evolution of these structures are poorly understood, mainly due to the
lack of routine measurements of the TR and coronal magnetic fields. To tackle these
problems, there have been numerical modeling efforts that attempt to predict the
TR and coronal magnetic structure through extrapolation from photospheric fields
(Mackay and Yeates, 2012, and references therein). Observations of ubiquitous waves
in the corona (‘coronal seismology’) have been used to provide synoptic measurements
of the plane-of-sky (POS) component of the coronal magnetic field (Yang et al., 2020a).

The application of the Hanle effect in the FUV and EUV spectral ranges is one
of the potential methods to diagnose the weak magnetic fields of the TR and corona.
Extensive theoretical studies have been performed in the FUV coronal lines, i.e., O
vi 1032 A (Sahal-Bréchot, Malinovsky, and Bommier, 1986; Trujillo Bueno, Landi
Degl’Innocenti, and Belluzzi, 2017; Zhao et al., 2019) and Ly-a 1215 A (Bommier
and Sahal-Brechot, 1982; Fineschi et al., 1991; Hebbur Dayananda et al., 2021). In
Chapter 2, we have reported several electric-dipole (E1) transition lines in the UV with
different sensitivity regimes to the critical Hanle effect. These lines can be exploited
as potential diagnostics of the TR and coronal magnetic field vector (Fineschi et al.,
1993; Fineschi and Habbal, 1995).



FORWARD synthesis of EUV linear polarization

A fairly recent work by Raouafi et al. (2016) used a 3D magnetohydrodynamic
(MHD) model to derive the Hanle regime polarization signals in the solar corona
(off-limb) in the FUV (H 1 Lyman-a) and the IR (He 1 10830 A) lines. Zhao et al.
(2019, 2021) similarly examined the linear polarization of Lyman-« in the presence of
both the Hanle effect and the symmetry-breaking process of Doppler dimming for 3D
coronal MHD models. Hebbur Dayananda et al. (2021) used 3D coronal MHD models
to investigate the linear polarization signals in the FUV (H 1 Ly-a at 1215 A) and the
EUV (He 11 Ly-a at 304 A) lines within 0.5 R, above the Sun’s visible limb. All these
diagnostics assumed a coronagraph instrument to detect the off-limb coronal signal
and its polarization unhindered by the disk radiation.

In the present study, we have utilized MHD simulation data cubes as inputs into
the FORWARD code (Gibson et al., 2016) and have synthesized the polarization maps
both on-disk and off-limb. Among the Hanle sensitive lines listed in Table 2.1, Ne VIII
770 A appears to be one of the brightest EUV lines. It has a line formation tempera-
ture of about 800,000 K and observed to be originating between the TR, and the lower
solar corona (Fludra et al., 2021). Due to its significant polarizability and sensitivity
to the Hanle effect over the expected coronal field strengths, the linear polarization of
Ne viir 770 A has been simulated to illustrate its potential as a quantitative diagnos-
tic of both magnetic field strength and field orientation in the POS (sometimes, also
called field azimuth).

3.2 Methodology

The FORWARD SolarSoft IDL package is an extensive toolset consisting of various
analytic magnetostatic equilibrium solutions, in the form of physical models and dat-
acubes, the predictions of which can be compared with the observations. FORWARD
also computes synthetic observables, such as the Stokes polarization maps produced
by various scattering processes and the Hanle effect.

Predictive Science Inc. (PSI; refer to https://www.predsci.com/portal/home.
php) have developed three-dimensional MAS (Magnetohydrodynamic Algorithm out-
side a Sphere) numerical simulations from the transition region to the inner helio-
sphere. The 3D MAS models provide us information of physical quantities such as
magnetic field, density and temperature of the TR or coronal plasma. The second
column of Figure 3.1 and the first column of Figures 3.3 and 3.4 represent the tem-
perature and magnetic field maps of the MAS model, respectively, on the spherical
”solar surface” lower boundary (circumscribed by the yellow circle) and continuing at
the limb in the X = 0 plane out to r = 2.0 Rg. On the disk, all the model maps are
shown for a shell at 1.01 R from where the LOS integrations of the observables are
initiated.

The first column of Figure 3.1 represents the ion density maps of Ne vIiI, a derived
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quantity which has been calculated using the electron density and temperature from
the MAS simulations, considering element abundances and ionization fractions of Ne
vl from the latest version 10.0 of the CHIANTI database (Dere et al., 1997; Del
Zanna et al., 2021). On the disk, the Ne vIII ion densities are shown for the same
shell at 1.01 R as the temperature plots in the second column. We have shown MAS
ion densities for points possessing simulation temperatures greater than 500,000 K
(the base for the PSIMAS model; see Lionello, Linker, and Miki¢ 2001). Points
with temperatures below this threshold are also excluded from the LOS integrals of
intensity (column three of Figure 3.1) and linear polarization (columns two to four of
Figures 3.3 and 3.4).

The MAS simulations used in this work are based on a 3D magnetohydrodynamic
model which incorporates improved energy transport mechanisms such as coronal
heating, radiative losses, Alfvén wave acceleration and parallel thermal conduction
(Mikié et al., 1999; Lionello, Linker, and Miki¢, 2001). We have obtained MAS sim-
ulations for a time period of 11 years starting from the rising phase of the solar
cycle 24 (SC24) until the rising phase of the solar cycle 25 (SC25). The eleven se-
lected Carrington rotation (CR) simulations are CR2104, CR2118, CR2131, CR2144,
CR2158, CR2171, CR2185, CR2198, CR2211, CR2225, and CR2238, which coincide
with mid-December of each year from 2010 to 2020. We have then synthesized the
LOS integrated spectro-polarimetric signals of Ne viir 770 A and studied the variation
in the signals during the different phases of the solar cycles.

3.2.1 Polarization and Hanle sensitivity of Ne VvIII

Polarization in the corona is mostly produced by the scattering of the anisotropic
radiation from the underlying atmospheric layers of the Sun. In the case of atomic
transitions, this anisotropic radiation induces population imbalance and quantum co-
herence among the atomic sublevels (mostly in the excited state), which cause the
scattered radiation to be predominantly linearly polarized, even in the absence of
magnetic fields. This linear polarization tends to be larger when the scattered direc-
tion is orthogonal to the direction of the incident radiation, as in the case of scattering
by coronal structures off the limb (cf. Eqs (3.2) and (3.3). A simple geometry underly-
ing the problem of radiation scattering in a magnetized plasma is shown in Figure 3.2.
It tends instead to zero when the LOS approaches disk center (the case of forward scat-
tering), unless other symmetry breaking mechanisms (such as an inclined magnetic
field, or inhomogeneities of the solar radiation on the disk) introduce a preferential
direction of linear polarization on the POS. When defining linear polarization, the
reference axis for positive Stokes @ is taken as the radial direction from disk center
through the scattering point.

The linear polarization of emission lines formed by scattering in a magnetized
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Figure 3.1: Top row: (a) derived Ne viiI ion density map, (b) PSIMAS model
temperature map, and (c) synthesized Stokes I (LOS integrated) map during the rising
phase (CR2104) of SC24. Middle row and bottom row illustrate the same maps, but
during the maximum phase (CR2171) and the minimum phase (CR2225), respectively.
Note that MAS coronal ion densities are not shown if simulation temperature is lower
than 500,000 K at the plotted height (1.01 Rs on the disk), and they appear grey
(the color of the ion density corresponding to the assumed TR brightness below them;
see Section 3.3.1). The yellow circle of radius 1 R demarcates the circumference of
the simulated solar surface. Contours of a particular color in a given map represent
iso-curves of the depicted physical quantity shown in logarithmic scale. Note that
Stokes I includes the contribution of collisional excitation to the scattered radiation.
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plasma are most sensitive to the Hanle effect in the domain
0.1 < guwpT S 10 (3.1)

(e.g., Bommier, Sahal-Bréchot, and Leroy, 1981), where g, is the Landé factor of the
upper atomic level of the transition, wp is the Larmor frequency, and 7 is the lifetime
of the excited level. The condition g,wpT = 1 determines the so-called critical Hanle
field strength. The resonance line Ne viir 770 A corresponds to the El transition
between the two lowest atomic terms of the ion, 2S; /2 and ’p, 2. As derived in
Chapter 2, the critical Hanle field (By) for this line is 49 gauss, and its polarizability
coefficient is Wy = 0.5 (computed using equations in Section 2.3.4).

> = Scattering
€, T/% 3’ plane
]
€,
9
3 g

Figure 3.2: Geometry of a simple scattering event. The incident beam of unpolarized
radiation propagating in Q' direction gets scattered in the direction Q). The unit
vectors €, and €, perpendicular to the scattering plane (Q” , ﬁ) denote the reference
direction of positive Stokes () for the incident and the scattered beam, respectively.
Adapted from Figure 10.1 of Landi Degl’Innocenti and Landolfi 2004.

The polarizability Ws determines the maximum linear polarization by scattering
attainable for a given transition. In fact, following Landi Degl’Innocenti and Landolfi
(2004), in the absence of a magnetic field, the linear polarization produced in the
scattering process depicted in Figure 3.2 is given by

2
Q _ 3Wysin® © 7 g —0, (3.2)
I 4 — Wy + 3W5 cos? © I
and for © = 90°, we get
Q 3Ws
— Jmax = . 3.3
(I N 4 — Wy (3:3)

Therefore, the maximum scattering polarization for Ne viir 770 A (in the absence of
magnetic fields) is (Q/I)max ~ 43%.
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3.2.2 Assumptions and Equations

In this section, we state the assumptions and equations used in calculating the line’s
polarized emissivity (Stokes I,Q,U). In the weak field approximation, we have con-
sidered a two-level atomic model having a lower unpolarized level* with J; = 1/2 and
an upper level with J, = 3/2. This is a good approximation for the resonance line
of Ne viir at 770 A. We also assume that the two-level atom is anisotropically illumi-
nated by unpolarized and cylindrically symmetric (around the local solar vertical to
the scattering ion) radiation field coming from the TR.

By considering an optically thin coronal plasma in the EUV, we have integrated
the emission coefficients (i.e., equation (1) of Zhao et al. 2021) along the LOS to
obtain the emergent signals for the Stokes parameters as

L;(Q) = /LOS €(€,s) ds (3.4)

where i = 0,1, 2 refer to Stokes I, Q, U, respectively; s is the coordinate along the
LOS; and € is the propagation direction of the line emission. We have considered
different values for the mean TR brightness that drives the radiative pumping of the
Ne viir 770 A line, and which is responsible for the scattered radiation both on the
disk and off the limb of the Sun. Evidently, this TR radiation must be added as a
background intensity term to the LOS-integrated Stokes I signal given by Eq. (3.4),
when observing on the disk.

We have also taken into account the contribution of collisional excitation to the
Ne virr 770 A transition, which is responsible for a significant depolarization of the
radiation emitted in the lower atmosphere, where the electron density is larger (see
Figure 3.5 and caption therein).

3.3 Results and Discussion

In this section, we have considered CR maps describing three phases of the solar
cycle, i.e., the rising, the maximum, and the end phase of SC24. The rest of the MAS
model maps and the corresponding Stokes maps are shown in Appendix A.2. Using
the MAS datacubes in FORWARD as explained in Section 3.2, we have simulated the
linear polarization maps of the 770 A resonance line, considering the presence of both
magnetic fields and collisional excitation (Susino et al., 2018).

Figures 3.1, 3.3 and 3.4 step through examples of the rising (top row: model
CR2104), maximum (middle row: model CR2171) and minimum (bottom row: model
CR2225) phases of SC24. The present section elucidates the changes in the following
observables across the various phases of SC24:

*Unpolarized level refers to a non-degenerate level with negligible population imbalances and
negligible quantum coherences between its magnetic sublevels.
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Figure 3.3: Top row: Rising phase (CR2104) of SC24: (a) PSIMAS model map of
magnetic field, (b) LOS-integrated Stokes L/I in the presence of magnetic fields, (c)
LOS-integrated linear polarization azimuth (relative to the radial direction through
the point of calculation), and (d) synthesized ratio between LOS integrated L/I in
presence and (L/I)p in absence of model magnetic fields. Only on-disk information
within 1 R is shown here. Middle row and bottom row illustrate the same maps, but
during the maximum phase (CR2171) and the minimum phase (CR2225), respectively.
Contours of a particular color in a given map represent iso-curves of the depicted
physical quantity shown in logarithmic scale. Note that collisional excitation has
been included here.

1

e the spectrally integrated coronal brightness, Stokes I (in ergs™'em™2sr™1),

shown in Figure 3.1 (third column);

e the degree of linear polarization, defined as L/I = /Q?+ U?/I, shown in
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Figure 3.4: Similar maps as shown in Figure 3.3, with the solar disk masked in order
to emphasize the off-limb scales.

Figures 3.3 and 3.4 (second column);

e the rotation angle of the plane of polarization, or polarization azimuth 8 shown
in Figures 3.3 and 3.4 (third column); in FORWARD it is directly attained by
using the two-argument form of the arctan function, g = %arctan(U, Q), with
the additional folding of the negative branch [—90°,0°) to the positive branch
via addition of 180°; this also ensures that the tangent to the limb in our maps
corresponds to 90°, in order to reflect our choice of the reference direction for
@ > 0 which is everywhere aligned with the radius vector from the disk center
to the observed point.

e the ratio between linear polarization in a magnetized vs non-magnetized plasma
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given in Figures 3.3 and 3.4 (fourth column).

3.3.1 Effects of TR brightness variations

We discuss here the impact of the pumping radiation change on the emitted intensity
at Ne viir 770 A due to physical processes such as resonance scattering. As pointed
out earlier in Section 3.1, this radiation comes from heights below the resonantly
scattered coronal emission, and for Ne viir 770 A these heights correspond to the high
TR and the lower corona (Fludra et al., 2021).
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Figure 3.5: Top row and bottom row depict, respectively, on-disk Stokes I (median
value) and off-limb Stokes I (median value between 1.02 and 1.06 R) as a function of
SC24 period. First, second and third columns describe, respectively, the three cases
of TR brightness, i.e., observed during SC23 minimum, SC23 maximum, and linearly
scaled values as per the MAS simulations for SC24 and SC25. The Y-axis represents
the intensity in logarithmic scale, while the X-axis covers the phases of SC24 and the
beginning phase of SC25. Colored lines separate out the contributions from resonance
scattering (green), collisional excitation (cyan), TR brightness (orange, on-disk), and
the total of all sources of emissions (blue dashed). Note how the observed radiation on
the disk is completely dominated by the TR brightness during peaks of solar activity
(second column). Instead, the collisional component to the line radiation is always
the dominant contribution to the brightness of the off-limb corona, so the visibility of
its polarized component via resonance scattering is enhanced near solar maximum.

In the first column of Figure 3.5 (orange curve), we have assumed a TR brightness
at Ne viir 770 A of 67 erg s~'em™2sr™!, based on Curdt et al. (2001) (Solar Cycle 23
(SC23) minimum phase). In the second column of Figure 3.5, we have chosen 4690

1

erg s~ lem~2sr~! from Sarro and Berihuete (2011), which corresponds to the average

TR brightness observed during the maximum phase of SC23. In the third column,
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we have linearly interpolated the TR brightness according to the median value of
the full-disk collisional emission obtained from the MAS simulations for each of the
phases of SC24 and also the beginning of SC25. We now explain the justification for
the scaling of this interpolation.

Carrasco and Vaquero (2021) reported that the beginning of SC25 was simi-
lar to that of SC24, which was in turn weaker than SC23. Hence, we chose 57
erg s~ lem™2sr! (taken as 15% lower than the above mentioned SC23 value of 67
erg s tem~2sr~ ! as justified by Didkovsky et al. 2010) as the TR brightness for both
SC24 and SC25 minimum, and applied it to the year 2019. We further used linear
interpolation, relating to the median value of collisional emission on the disk, to derive
the TR brightness for the rest of the years from 2010 to 2020. We then analyzed how
the variation of this radiation with solar cycle affects the signal on the disk (shown
in the top row of Figure 3.5), and off the limb between a height of 1.02 Rs and 1.06
Re (shown in the bottom row of Figure 3.5). In addition, we have calculated the
LOS-integrated intensity above the disk considering only resonance scattering (green
points) and only collisional emission (cyan points).

The effect of the mean TR brightness on the LOS-integrated linear polarization
parameters (Stokes L/I and polarization azimuth), and the resulting SNR, are demon-
strated by the synthetic polarization maps generated with the two extreme brightness
values from the SC23 as shown in Figure 3.6. We have calculated the SNR on the
linear Stokes parameters using Eqs. 7.15 and 7.16. A detailed derivation of these
equations is given in Appendix A.1. Here, we have considered a telescope of aperture
50 cm with a throughput of 0.5% and a 32 arcsecond pixel. In order to calculate the
maximum feasible time of integration on the disk of the Sun, let us consider to be
observing a parcel of coronal plasma moving along the equator. Based on a synodic
rotation rate at the equator of 26.24 days, this results in approximately 8 arcsecond
displacement at disk center over 50 minutes for a feature at the solar surface. Assum-
ing a (highly) conservative estimate of two solar radii for the highest coronal feature to
be contributing to the LOS integral, the maximum smearing would be 16 arcseconds
at disk center, roughly half a pixel, and hence tolerable.

By comparing between the right and left columns of Figure 3.6, we observe the
drastic increase in the Stokes L/I signal, especially off the limb, and also notice the
improved SNR (reduced green masked regions on the disk) in both Stokes L/I and
azimuth maps. Due to such variability in the scattered radiation, it is not a good
approximation to choose a single TR brightness value while forward modeling the
Hanle regime signals for all phases of a particular solar cycle. However, in the absence
of adequate observations at Ne viir 770 A to be able to include routinely observed
TR brightness values throughout SC24 and SC25, we have scaled this radiation as
a function of SC24 phases (shown in the third column of Figure 3.5), for use in our
analyses of the Hanle polarization signal at Ne viir 770 A, as applied in the results
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shown in Figures 3.1 to 3.4 and 3.7 — 3.8.
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Figure 3.6: Left column and right column correspond to polarization maps consid-
ering a TR brightness of 67 ergem™2s !sr~! (observed during SC23 minima) and
4690 ergcm—2s 1sr=! (observed during SC23 maxima), respectively, for a telescope
of aperture 50 cm, 30 arcsecond pixel size, instrument throughput of 0.5% and total
integration time of 50 minutes. Green masked regions in azimuth maps indicate the
areas where error on azimuth measurement is greater than +3°, while in L/I maps
they indicate areas where SNR on L/I is less than 50.

3.3.2 Variation with phases of the Solar Cycle

Figures 3.1(c), (f) and (i) depict simulated Stokes I maps for different phases across
the entire SC24, including all of the contributary terms discussed in Section 3.3.1 and
shown in Figure 3.5. As SC24 progresses, the total photon energy emitted (Stokes I)
at Ne viir 770 A keeps increasing until SC24 reaches its maximum (Figure 3.1(f)),
after which Stokes I decreases again until the end of SC24 (Figure 3.1(i)).

Similarly, the effect of the different phases of SC24 is observed on the degree
of linear polarization. Figures 3.3 and 3.4 show the on-disk and the off-limb maps,

41



FORWARD synthesis of EUV linear polarization

respectively. Panels marked (b), (f) and (j) describe the fractional L/I maps, while
those marked (d), (h) and (1) describe the ratio between L/I in the presence of
magnetic fields and (L/I) in the absence of magnetic field.

As we proceed towards the maximum phase of SC24 (i.e., columnwise from Figure
3.3(1) to (d) to (h)), it is noticed that the overall contrast in fractional L/I on the
disk increases with respect to the zero field case, owing to the increase in magnetic
field strength and different field geometries along the LOS. In addition, there is an
increased complexity of structures as opposed to the faint cylindrical structures visible
in (1) and (d) (and in the equivalent magnetic structures in the first column of Figure
3.3).

The increase of the polarization contrast (L/I)/(L/I)p on the disk is easily ex-
plained, since the amplitude of scattering polarization goes to zero as one approaches
the condition of pure forward scattering at disk center (under our simplifying hy-
pothesis that the radiation field remains axially symmetric around the local vertical
through the scattering point). Thus, the increased linear polarization is simply due
to the presence of plasma structures harboring inclined magnetic fields generating
polarization on top of a nearly zero background of scattering polarization.

In contrast, as the magnetic field strength intensifies towards the maximum phase
of SC24, a notable decrease of polarization amplitude (i.e., the ratio (L/I)/(L/I)o
becoming less than 1) is observed off the limb. This phenomenon is particularly
evident in right-angle scattering, as the Hanle effect causes a reduction of the linear
polarization induced by the radiation anisotropy, which reaches its maximum for 90°
scattering.

The third column of Figure 3.3 shows the polarization azimuth across the disk,
whereas Figure 3.4 shows the same quantity within the off-limb corona. The white
regions on these maps indicate areas where the linear polarization is tangent to the
nearest limb, which is consistent with the case of radiation scattering from E1 transi-
tions in the absence of magnetic fields (Zhao et al. 2019). Conversely, in the presence
of magnetic fields, the blue (red) regions show where the polarization direction tilts
clockwise (counterclockwise) relative to the reference direction. The CR2225 simula-
tion during the solar minimum (panel (k) of Figures 3.3 and 3.4) shows that the linear
polarization of the scattered Ne VIII radiation remains along the tangent to the limb
for most of the regions in the model, due to relatively weak magnetic fields. However,
with the increase in magnitude of the magnetic field towards the rising phase (panel
(c) of Figures 3.3 and 3.4) and the maximum phase (panel (g) of Figures 3.3 and 3.4)
of the SC24, these red and blue regions become more pronounced, indicating greater

deviations of the linear polarization vector from the reference axis.
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Figure 3.7: Top row and bottom row corresponds to the solar maximum and min-
imum phase of SC24, respectively. Left column shows linear polarization fraction
(L/TI) maps in absence of collisions, while right column shows L/I when collisions are
switched on. SNR requirements are not considered here. Note a different color table
is used for (L/I) than was shown in earlier figure, to enable visualization of limb and
disk simultaneously.

3.3.3 Effect of collisional excitation

The electron collisional rates have been calculated using the analytical formula given
in Susino et al. (2018), i.e.

. —Eij
fijg o BT

e _ —15
C5(T) = 2.73 x 10 B, 712 :

(3.5)

where, C7; is in cgs units, f;; is the absorption oscillator strength for the considered
transition, g is the average electron-impact Gaunt factor, E;; is the transition energy,
kp is the Boltzmann constant and 7" is the electron temperature. The above formula
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can be further simplified in terms of the collision strength. Hence, we can write

=6 i

Cs(T) = 865’;11/86 BT Q) (3.6)
where, w; is the statistical weight of level 7, and €2;; is the collision strength for the
specified ion, its transition ¢ — j and temperature. The collision strengths for Ne viII
line at 770 A are obtained from the CHIANTI 10.0 version.

To visualize the effect of the collisional contribution to the emitted radiation, we
consider the fractional linear polarization maps considering a model CR2171 from the
solar maximum and a model CR2211 from the solar minimum of the SC24. Figure
3.7 shows the L/I signal for Ne viiI in the absence (left column) and presence (right
column) of collisions. As can be seen from the right column of Figure 3.7, more areas
of the Stokes L/I map darken in the presence of collisions. In general, collisions do
not affect the linear polarization L due to their isotropic nature, but they increase the
unpolarized intensity. Therefore, with the increase in collisions, the overall emitted
intensity I — which is the sum of both polarized and unpolarized intensities — increases,
thereby reducing the L/I signal.

The left column maps of Figure 3.7 illustrate a gradual change in the orientation
of the LOS with respect to the local solar vertical, as we move from the disk center
to the limb, which results in variation of Stokes L/l with maximum being at the
limb of the model while negligible L/I around the disk center. In the right column
maps of Figure 3.7, a relatively similar trend of increase in L/I is observed from
disk center to the limb except that collisions result in lower value of L/I at each
point as compared to the respective points in the left column maps. In addition, the
coronal helmet streamer belt is clearly seen around the equator, with the characteristic
dipolar structure typical of the solar minimum, and which manifests itself also through
a similarly shaped depression of the L/ signal.

3.3.4 Signal-to-noise ratio in Ne VIII

In the previous sections, we have discussed the sensitivity of Ne viir 770 A to the
Hanle effect across the entire SC24 and the beginning of SC25. Here we discuss
the change in the required SNR during the various phases of the solar cycle for the
detection of those polarization signatures. The instrument parameters considered here
have been discussed in Section 3.3.1. For coronal modeling on the disk of the Sun,
apart from the resonance line scattering intensity, we have accounted for an additional
background intensity as explained in Section 3.2.2. We have then computed the SNR
on the quantities Stokes L/I and azimuth (Az). Considering photon-noise limited
polarization measurements, we have masked the regions on the Stokes L/I maps
(shown as green shaded areas in the first and second columns of Figure 3.8) which
have SNR of < 5¢. Similarly, the green masked areas on the azimuth maps (third
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Figure 3.8: Top row and bottom row corresponds to the solar maximum and min-
imum phase of SC24, respectively. First column and third column show the maps
without collisions, while second and fourth columns show the maps with collisions,
for a telescope of aperture 50 cm, 30 arcsecond pixel size, instrument throughput of
0.5% and total integration time of 50 minutes. Green masked regions in azimuth maps
indicate the areas where error on azimuth measurement is greater than +3°, while in
L/I maps they indicate areas where SNR on L/ is less than 5.

and fourth column of Figure 3.8) represent the points which have an error of greater
than +3° in determining the direction of the linear polarization vector.

Considering the first and second columns of Figure 3.8, we observe how the area
covered by the green shaded regions, where the SNR on Stokes L/I is below 50,
increases in the presence of collisions. At the same time, there is a significant reduction
in the off-limb polarization signal, adding significant complexity to the interpretation
of the observed L/I in terms of magnetic sensitivity (as was also seen in Figure 3.7).
In addition, we observe that the noise on L/I improves during the solar maximum
phase (top row of Figure 3.8) as compared to the solar minimum phase (bottom row
of Figure 3.8) due to the overall increase of the TR brightness (as was also seen in
Figure 3.6). This implies that underestimating the pumping radiation at the spectral
line considered can easily lead to under-calculating the SNR on the polarization signal.

Azimuth is independent of the collisional contribution to total intensity and this
makes its interpretation in terms of magnetic sensitivity much more straightforward.
However, collisions still affect the measurement error in determining the azimuth.

Comparing between the third and fourth column maps in the top row of Figure 3.8,
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we observe a trend of increase in the green shaded areas when collisions are turned
on. Moreover, we note that there is lesser noise in the azimuth measurement during
the maximum phase of the solar cycle (as seen in the third and fourth column maps
in top row of Figure 3.8), while the error in azimuth measurement both on the disk
and off the limb increases during the solar minimum (third and fourth column maps
in bottom row of Figure 3.8) phase as the TR brightness reduces.

3.4 Conclusion

In this study, we have explored the possibility of using the EUV emission line Ne viIi1
770 A as a potential diagnostic for the coronal magnetic fields — both for the off-limb
corona and on the disk. We have utilized the 3D thermodynamic models developed by
the Predictive Science Inc. to simulate linear polarization maps, and study the change
in the Hanle-regime polarization signals during the different phases of the solar cycle.

Further, we have performed a critical study of the effect of variation in the TR
brightness on the scattered radiation at Ne viir 770 A. We have also examined the
effect of collisions on the linear polarization and azimuth signals, and calculated the
required SNR on these quantities. Although collisions have a significant impact on the
Hanle polarization signals at all solar phases, we showed how the higher TR brightness
characterizing the solar maximum helps achieve a larger SNR values in both Stokes
L/I and azimuth. In particular, the azimuth values are not affected by the presence
of collisional excitation, although the noise on their measurement is, because of the
impact of its contribution to the intensity which affects the detectability of polarized
signals.

The present study has also shown that Ne viir 770 A has the potential to be
used as an overall coronal diagnostic without the need of a coronagraphic instrument.
This EUV line is a useful complement to other coronal field diagnostics in the FUV,
such as O v1 1032 A and H 11216 A, which share comparable critical Hanle fields of
about 35 gauss and 53 gauss, respectively. EUV coronal diagnostics can open a new
era of non-coronagraphic measurements of the coronal magnetic field, and will com-
plement other off-limb spectropolarimetric measurements in the visible and infrared
wavelengths, such as those obtained with the Upgraded Coronal Multi-Channel Po-
larimeter (UCOMP; Tomczyk et al., 2022) and the Daniel K. Inouye Solar Telescope
(DKIST; Rast et al., 2021).

There are other symmetry-breaking processes, including non-radial Doppler dim-
ming and anisotropies in the kinetic temperature due to the solar wind, which could
potentially impact scattering polarization (Zhao et al., 2021). The Doppler dimming
effect can arise in the presence of bulk motion of the scattering ions. When the in-
cident radiation is dominated by line emission from the underlying atmosphere, the

moving ions absorb radiation mostly from the line wings (i.e., away from the zero-
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velocity line center), which is dimmer compared to the case of absorption by the ions
at rest. Notably, when the bulk velocity direction is non-radial (as in the case of solar
wind), Doppler dimming breaks the cylindrical symmetry around the local solar ver-
tical of the incident radiation from the disk, as seen by the moving ions, thus leading
to the modification of the linear polarization in the scattered radiation. Furthermore,
the kinetic temperature anisotropy factor (7 /T ) leads to a broader intensity pro-
file in the perpendicular direction to the solar wind than in the parallel direction.
Therefore, the linear polarization induced by the resonance scattering will be more
reduced in the perpendicular direction, resulting in an asymmetry in the LOS integral,
thereby causing a comparatively greater rotation of the polarization vector towards
the perpendicular. Hence, it is important to incorporate these additional effects in
the theoretical model of the atomic polarization, and quantify their influence on the
Hanle polarization signal of the spectral line considered, particularly the narrower
lines such as Ne viir 770 A and O v1 1032 A.
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Chapter 4

Design of an EUV spectropolarimeter

Design concepts of EUV polarimeter

Raveena Khan, K. Nagaraju, D.V.S. Phanindra, 2023, SPIE proceedings,
Optics for EUV, X-Ray, and Gamma-Ray Astronomy XI, Volume 12679, id.
126790T, 7 pp.

Design requirements of a Spectropolarimeter for solar Extreme-ultraviolet Ob-
servations and characterization of K-mirror based on Brewster’s angle

Raveena Khan, Radhika Dharmadhikari, Harsh Mathur, K. Nagaraju, Sin-
chana R. Jain, D.V.S. Phanindra, K. Sagayanathan, 2024, Applied Optics,

under revision.

4.1 Introduction

Coronal magnetism lies at the heart of many long standing questions in solar physics,
such as the problem of coronal heating, the acceleration source of the solar wind, and
various eruptive events. Despite its importance, measurements of the coronal mag-
netic field have remained sporadic till date. The first detection of linear polarization
at FUV line O vI at 1032 A (a coronal emission line with peak line-formation tem-
perature of about 400,000 K) was derived from the intensity measurements recorded
during a manoeuvre of the SOHO satellite. By utilizing the instrumental polarization
of the SUMER spectrometer, a magnetic field strength of approximately 3 gauss was
derived above a coronal hole (Raouafi, Lemaire, and Sahal-Bréchot, 1999; Raouafi,
Sahal-Bréchot, and Lemaire, 2002; Raouafi et al., 2002). Even such an impromptu
and unoptimized measurement of spectral line polarization underlines the promising
capabilities of UV spectropolarimeters onboard upcoming space telescopes for acquir-
ing critical magnetic field measurements in the solar corona.

UV solar spectrographs operational in the past include SUMER (Wilhelm et al.,
1995), UVCS (Kohl et al., 1995) and CDS (Harrison et al., 1995) aboard the SOHO.
Currently, the SPICE (Fludra et al., 2013) operates as a high-resolution imaging
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spectrometer within two UV spectral bands: one ranging from 704 to 790 A and the
other from 973 to 1049 A. Hitherto, there is no EUV spectropolarimeter for probing the
coronal magnetic fields of the Sun. In this context, we have explored suitable coatings
and various polarimeter concepts for operating in the EUV wavelength range.

The main criteria we have used in the selection of coatings for a polarimeter are
high throughput and high polarizing power. Since there are no known optics with
high transmissivity in the EUV spectral range, we have explored highly reflective and
polarizing coating materials whose optical properties are relatively well known. The
optical constants refer to refractive index (n) and extinction coefficient (k) of the
coatings, which are obtained from Palik (1985, 1991). We have found that barium flu-
oride (BaF2), magnesium fluoride (MgF2) and lithium fluoride (LiF') are the suitable
coatings with high refractive indices in the EUV spectral range as shown in Figure 4.1.

Reflecting surfaces with polarizing coatings (dielectric or metal) split the electric
field vector of the incident beam of light into two components: parallel to the plane of
incidence, called the s-component, and perpendicular to the plane of incidence, called
the p-component. But when light of a particular wavelength is incident on a reflecting
surface at the Brewster’s angle, the reflected beam is optimally linear polarized, i.e.,
there is maximum reflectivity of the s-polarized component while the reflectivity of
the p-polarized component is minimized. The Brewster’s angle (Brewster, 1815) is
calculated as

Op = tan"'(n) , (4.1)

where n is the refractive index of the surface coating at a particular wavelength.
Since refractive index of a medium depends on the wavelength, the Brewster’s angle
also varies with refractive index. Hence, we have chosen a narrow spectral band of
740 to 800 A in which there is no substantial change in the refractive index of the
chosen fluoride coatings as shown in Figure 4.1. The aforementioned wavelength range
constitutes pairs of Hanle sensitive lines such as, Mg 1X at 749 A and Ne v at 770
A; Ne vir at 770 A and Mg v at 772 A; Mg 1x at 749 A and Mg viir at 762
A, which can be suitably incorporated in the method of differential Hanle effect as
proposed by Bommier, Sahal-Bréchot, and Leroy (1981). Additionally, this specific
wavelength range is chosen to position Ne vIIT at 770 A as the central wavelength for
designing an EUV spectropolarimeter and optimizing the coating parameters, which
will be explained later in this Chapter.

4.2 ZEMAX analysis of polarimeter configurations based

on mirrors

Initially, we designed a 1-mirror configuration in which we considered a glass substrate
with an aluminium (Al) coating followed by a fluoride coating on top of it. Figure
4.2 shows an example of the sequence of coating layers on the glass substrate and
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Figure 4.1: Optical constants of barium fluoride (top), magnesium fluoride (middle)
and lithium fluoride (bottom) for the wavelength range 740-800 A.

illustrates the concept of multiple reflections and transmissions occurring at each
interface. Subsequently, we extended 1-mirror into a 2-mirror configuration as shown
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in the left panel of Figure 4.3. In the 2-mirror configuration, the angle of incidence
at each mirror is the same, i.e. (3, which is equal to the Brewster’s angle (). We
further extended the design to include a third mirror (Robin, Kuebler, and Pao, 1966)
in which « is the angle of incidence at mirrors M1 and M3, while 3 is the angle of
incidence at mirror M2. In the 3-mirror design, the angles of incidence at the three
mirrors of the polarimeter follow the relation 2a — = 90° (Hass and Hunter, 1978).
This condition ensures that the emergent beam from mirror M3 follows the same
path as the incident beam at mirror M1.

Vacuum

mmmmmmnde s

Glass

Figure 4.2: Graphical representation of the sequence of various coating layers on a
glass substrate. 72 and 73 are the complex refractive indices (n + ik) of the materials
MgF2 and Al (Not to scale).

-—-’

Figure 4.3: Schematic diagram showing (left panel) a 2-mirror based polarimeter
setup, and (right panel) a 3-mirror-based polarimeter setup.

The polarizing power of a reflecting surface is defined as

_ R,—R,

P =
Rs+R,’

while throughput is defined as
T=Rs+R,, (4.3)
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where R; is the reflectivity for the component of the electric field vector perpendicular
to the plane of incidence (s-polarized light), while R, is the reflectivity for the parallel
component (p-polarized light).
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Figure 4.4: Top row shows throughput vs wavelength, while bottom row shows polarizing
power vs wavelength, for a 2-mirror polarimeter coated with BaFs (first column), MgF,

(second column) and LiF (third column). The blue dotted lines indicate Mg 1x at 749 A and

Ne VIII at 770 A.
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as shown in Figure 4.4, but for a 3-mirror polarimeter

The reflectivity of s-polarized and p-polarized light at each mirror is derived from

ZEMAX. The total reflectivities, R, and I, for a given polarimeter configuration, are

53



Design of an EUV spectropolarimeter

determined by multiplying the reflectivities of s-polarized and p-polarized light at each
mirror surface. The polarizing power and the throughput are then calculated using
Eqgs. 4.2 and 4.3, respectively. These values are plotted as functions of wavelength for
2- and 3-mirror configurations, as illustrated in Figures 4.4 and 4.5. The blue dotted
vertical lines indicate two Hanle sensitive lines, i.e. Mg 1X at 749 A and Ne vii at
770 A.

We have analyzed and compared the throughput and the polarizing power be-
tween the two polarimeter configurations by considering the same (absolute) coating
thickness on all the mirrors. It was found that BaF9 provides a better throughput
of approximately 10 — 20% for both 2- and 3-mirror configurations, whereas MgF2
and LiF reflect less than 4% at the desired wavelengths (see top row in Figures 4.4
and 4.5). Additionally, there is improvement in the polarizing power of BaF2 in the
3-mirror model (compare bottom rows of Figures 4.4 and 4.5). Therefore, BaF9 is pre-
ferred as a coating material due to its higher throughput compared to MgF2 and LiF.
Furthermore, the BaF92 coated 3-mirror model is advantageous over the corresponding

2-mirror model in terms of its higher polarizing power.

4.3 Design of EUV spectropolarimeter (SPOLEO) using
ZEMAX

In this section, we discuss the design of a SpectroPOLarimeter for Extreme-ultraviolet
Observations (SPOLEO; see Figure 4.6) of the TR and corona. The SPOLEO design
incorporates a 3-mirror-based polarimeter, chosen for its advantages discussed in Sec-
tion 4.2, integrated with a high-resolution spectrograph similar to the design principles
used in the SUMER spectrometer (Wilhelm et al., 1995). Additionally, we have in-
creased the telescope aperture to a 50 cm off-axis parabolic mirror for enhancing the
instrument’s capability to achieve the required polarization sensitivity levels.

4.3.1 Design Concepts

The optical arrangement includes reflective parabolic mirrors (a telescope primary
mirror and a collimator), a 3-mirror-based polarimeter (also named as K-mirror po-
larimeter) and a spherical concave grating. In addition, an aperture stop is posi-
tioned before the telescope primary mirror — an off-axis parabola with a focal length
of 1320 mm. A slit is placed at the focal plane of the telescope. The divergent beam
from the slit illuminates the collimator which is an off-axis parabolic mirror with a fo-
cal length of 172 mm. A Lyot stop is placed, prior to the polarimeter, in order to block
the diffracted light from the collimating and primary mirrors. The collimated beam,
after reflection from the polarimeter, is incident onto a spherical concave grating (used
in the first diffraction order) which acts as an imager. We have used a grating of 4000
grooves/mm, similar to the spherical concave grating which was demonstrated on the
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Figure 4.6: Design layout of SPOLEO instrument using ZEMAX.

SUMER spectrometer for about a decade of solar observations in the EUV spectral
range of 470 to 1609 A (Wilhelm et al., 1995). A two-dimensional detector array,
with 1024 (spectral) by 1280 (spatial) pixels, has been considered at the focal plane
of the grating. The optimized parameter values of the optical components are given
in Table 4.1.

Figure 4.7 illustrates the performance of the optimized instrument at the three
wavelengths of the design — the lowest wavelength at 740 A, the central wavelength
at 770 A and the highest wavelength at 800 A. The radius of the airy disk, as shown
by the dashed circle, measures about 2.44 ym. We observe that the optimized design
achieves a diffraction-limited resolution. If we consider each pixel size equal to 15
pum, a detector with 1024 pixels (linear dispersion of 0.021 A/ pixel) along the spectral
direction is required to accommodate a pair of Hanle sensitive lines which are about 21
A apart (for e.g., Mg 1X at 749 A and Ne vi at 770 A) In the design of the instrument,
we have chosen a slit width (at which the fraction of enclosed energy is maximum)
of 1” and length of 0.24” in the no-binning case. As calculated in Appendix B.1, the
photon fluxes at Ne viir 770 A expected during the two extreme phases of solar cycle
23 are presented in Table 7.1.

In the SPOLEO design, the polarimeter (contained in a dashed outlined box in
Figure 4.6) consists of three reflective mirrors M1, M2 and M3 which are designed as
glass (fused silica) substrates with aluminium (Al) coating followed by BaF2 coating
on the surface. The angle of incidence («) at mirrors M1 and M3 is 73°, while
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Table 4.1: Optical prescription of the SPOLEO optics

Parameter Value
Telescope parabola:
Entrance pupil 500 mm
Focal length 1302.77 mm
Off-axis angle 14.21°

Plate scale at slit plane
Slit:

Width

Lengths
Collimator parabola:

Focal length

Off-axis angle

Diameter
Concave grating:

Curvature radius

Groove density

Focal length

Angle of incidence

(w.r.t. grating normal)
Detector:

Plate scale

Pixel size

Array dimensions

Linear dispersion

LSF FWHM

Resolving power
System efficiency

158.33" /mm

1//
32" 300"

172.25 mm
20.09°
12 cm

3509.52 mm

4000 grooves/mm
1803.28 mm
18.52°

0.24" /pixel

15 pm

1024 x 1280 pixels
0.021 A /pixel

0.09 A = 65um
8220 - 8890 @ 740 — 800 A
4.92%

the angle of incidence () at mirror M2 is 56°, which is equal to the Brewster’s
angle at 770 A. As observed in Figure 4.5, BaF2 is a highly polarizing coating with
better throughput in the wavelength range of 740 to 800 A. The glass (fused silica)
substrates of remaining optical elements are coated with magnesium (Mg) followed by
silicon carbide (SiC). Mg/SiC coated mirrors exhibit a long-term stability and constant
reflectivity up to a temperature of 300°C (Pelizzo et al., 2012; Takenaka et al., 2005).
In addition, Mg/SiC has higher reflectivity (~ 40%) in the EUV spectral range,
whereas it transmits (> 70%) the longer wavelengths (visible and infrared) further
reducing the unwanted radiation. Another primary aspect of the SPOLEO design is
the thickness of coatings used on each of the reflective components. Hence, we have
optimized the material thicknesses which is discussed in Section 4.4.
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Figure 4.7: Spot diagram at lowest design wavelength 740 A (left panel), central
wavelength 770 A (middle panel), and highest design wavelength 800 A (right panel).
Dashed circle encloses the airy disk.

4.3.2 Key considerations

Ne viir 770 A is one of the brightest lines among all the Hanle sensitive lines in the
EUV as listed in Table 2.1. Most importantly, it exhibits a line-formation temper-
ature of approximately 800,000 K, which is higher compared to the other brighter
emission lines, such as O vI at 1032 A and H 1 at 1216 A. Such elevated temperature
sensitivity suggests that Ne viII originates between the TR and the lower solar corona
(also reported by Fludra et al., 2021), making it well suited for the TR and coronal
magnetic field measurements. Ne viir 770 A corresponds to E1 transition and the
linear polarization of an E1 line is sensitive to both magnetic field strength and field
orientation in the plane-of-sky (POS), as observed in Chapter 3. This implies that
measurements of the degree of linear polarization (Stokes L/I, where L = \/Q? + U?)
and the rotation angle of the plane of polarization (Stokes 8 =  arctan(U/Q)) can
aid in deriving the complete magnetic field vector.

The average on-disk quiet Sun flux at Ne viir 770 A fluctuates between different
phases of the solar cycle. Consequently, we consider two distinct flux scenarios: one

2slarcsec™2 (Sarro

observed during the maximum phase with a value of 4290 ph cm™
and Berihuete, 2011), and another observed during the minimum phase of SC23 with a
value of 61.29 ph cm~2s 'arcsec™2 (Curdt et al., 2001). Assuming the EUV intensity
measurements are photon-noise limited (with no background photons) which follow
the Poisson statistics, the noise in an intensity measurement is given by o7 = /1,
where [ is the photon counts of the peak line intensity.

From the FORWARD modeling of Ne viir 770 A, Stokes L/I is estimated to be
in the orders of 1 x 10™* at the solar limb region. Therefore, detection of polarization
sensitivity in these levels is an essential requirement which has driven the design of
SPOLEO. Considering P = L/I ~ 1 x 1074, the level of sensitivity op that can be
achieved on the measurement of P using the specified instrument, can be derived
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2 2
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where where €7, €g, ey are efficiencies for Stokes I,Q,U, respectively. While the

using Eq. 7.4 as

optimized design achieves a diffraction-limited resolution (shown in Figure 4.7), our
primary objective is to achieve polarimetric precision that enables the detection of
Hanle polarization signals in the orders of 107, Using above Eq. 4.4, we have exam-
ined the variation of the polarization sensitivity (as shown in Figure 4.8) for different
telescope apertures (top panel) and integration times (bottom panel). We observe
that for a 50 cm telescope aperture, better sensitivity levels can be acquired during
the maxima phase of SC23 (as shown by the blue curves), due to increase in the
photon flux at Ne virr 770 A compared to that acquired during the minima phase (as
shown by the red dashed curves). As seen from the bottom panel of Figure 4.8, these
sensitivity levels can further be enhanced by increasing the integration time.

We further investigated the effect of different spatial sampling on the polariza-
tion sensitivities, as illustrated by different markers in Figure 4.8. In the top panel,
we observe that during the minimum phase of SC23, a minimum spatial sampling
of 32" /pixel (represented by maroon asterisk on the red dashed curves) is required
to achieve polarization sensitivity of around 10~* over shorter integration time of 5
minutes. However, during the maximum phase, a spatial sampling of 6.4” /pixel (rep-
resented by yellow circle on the blue solid curves) is sufficient to achieve sensitivities
better than 10~* over the same integration time. Furthermore, in the bottom panel
of Figure 4.8, we demonstrate that the previously mentioned sensitivity levels can be
further enhanced to the order of 10™® for longer integration times. Therefore, the
detection capability of the instrument can be upgraded beyond the typical signal lev-
els of 1074, and allow observations of a wide range of science targets ranging from
dynamic events of a few minutes, such as coronal jets, coronal mass ejections (CMEs),
to long-lived structures on the Sun, such as coronal holes and coronal fans, which can
persist for several Carrington rotations (Mierla et al., 2010; West et al., 2022).

To meet the desired spatial sampling of 6.4”/pixel and 32”/pixel, we need to
apply spatial binning techniques. Approximately 27 and 134 pixels (with pixel pitch
of 15 pum) must be spatially binned to attain the required sampling of 6.4” /pixel and
32" /pixel, respectively, with the current instrument parameters. In order to enable
larger spatial sampling of 32 /pixel, a longer slit needs to be selected which will also
facilitate the acquisition of the desired levels of polarization sensitivity. Therefore, a
1024 x 156 detector with 156 spatial pixels will be required to accommodate a slit
length of about 32”. However, an even longer slit of about 300" will aid in observing
the large-scale structures, such as coronal holes, which will then require a 1024 x 1280
detector with 1280 spatial pixels.
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Figure 4.8: Sensitivity op on linear polarization degree, as a function of tele-
scope aperture (top panel) and integration time (bottom panel), during the maxima
(blue curves) and the minima (red dashed curves) phases of SC23. Different spatial
samplings considered are 0.24” /pixel (green triangle), 6.4”/pixel (yellow circle) and
32" /pixel (maroon asterisk). Dashed purple vertical line in the top panel indicates
50 cm telescope aperture diameter of SPOLEO.

4.4 Results and Discussion

In this section, we discuss the performance of the instrument design in terms of coating
thickness and thermal analyses of the components. We also provide an error budget
of tolerances to be allowed on the optical components so as to remain within the limit

of achieving the scientific objectives.
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4.4.1 Optimization of coating thickness
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Figure 4.9: Top panel shows polarizing power and throughput of K-mirror polarime-
ter for different thickness of BaF2 coating over 50nm thick Al. Bottom panel shows
polarizing power and throughput of rest of the components (telescope, collimator and
grating) for different thickness of SiC coating over 320nm thick Mg. All plots are
shown for the central wavelength of 770 A. Note that the throughput curves of the
telescope (purple), the collimator (blue) and the grating (cyan) are largely overlap-
ping with each other.

The thickness of the coatings and their complex refractive indices, especially in
shorter wavelengths such as EUV, affect the throughput and the polarizing power of
the optical system. We wrote a ZPL macro in ZEMAX to generate a coating polariza-
tion report for various combinations of material thickness at the central wavelength of

770 A. This method was used to examine the impact of BaF9 coating thickness varia-
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tion over different Al thicknesses for the K-mirror polarimeter. We observe that as the
thickness of the BaF9 coating increases, the polarizing power gets reduced but there
is an increase in the throughput (as depicted in the top panel of Figure 4.9). Hence,
it is crucial to select an optimal BaF29 coating thickness that maximizes the polariz-
ing power without significantly reducing the throughput of the polarimeter, thereby
not compromising the scientific objectives. Balancing between polarizing power and
throughput, we opted for a 14 nm thickness of BaF92 over 50 nm Al, and computed
the polarizing power and the throughput for the design wavelength range of 740 to
800 A (Figure 4.10).
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Figure 4.10: Polarizing power (top panel), and throughput (bottom panel) of the
optical components as functions of wavelength. Note that the throughput of telescope,
collimator and grating are largely overlapping with each other.

Similarly, we have also varied the thickness of SiC coating over different thicknesses
of Mg for the other reflective components. The grating exhibits higher polarization
than the telescope and the collimating mirrors, for the SiC layer thickness range of
0.01 to 300 nm, as shown in the bottom panel of Figure 4.9. Therefore, we opted for a
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Table 4.2: Throughput of different subsystems

Component Throughput @ 770 A (in %)
Telescope parabola 41

Collimator 41.06

Polarimeter 79.88

Grating 41.12

thickness of 300 nm SiC over 320 nm thick Mg for the other components (the grating,
the telescope and the collimator) so as to minimize their polarization in the required
spectral range of 740 to 800 A. Since there is no effect of change in thickness of the
bottom layer (Al in case of K-mirror polarimeter and Mg in case of other components)
on either throughput or polarizing power, hence respective plots are not shown here.
Due to the optimization of coating thicknesses on the mirrors of the polarimeter, we
are able to achieve higher throughput compared to the plots shown in Figure 4.5.

Assuming a uniform coating thickness on all the components, we have calculated
their throughput at the central wavelength of 770 A as listed in Table 4.2. In order
to compute the total throughput of the instrument, we assume an EUV detector with
89% quantum efficiency (Harada et al., 2020). Therefore, the total throughput or
efficiency of the system is calculated as approximately 4.92% at 770 A.

4.4.2 Error budget

After designing an instrument, it is important to identify the various types of errors
which will be encountered during the fabrication and assembly of the instrument. In
this section, we discuss the different sources of errors, calculated using the tolerancing
feature of ZEMAX, which will affect the system throughput and, consequently, the
acquired polarization sensitivity.

In order to achieve a polarimetric precision (in orders better than 10~%) that en-
ables the detection of Hanle polarization signals for diagnosing TR and coronal mag-
netic fields, we chose a broader slit width of 1”7 (equivalent to 6.32 um). As a result,
the actual spectral resolution of the instrument is defined by the spectral slit width
(or, the full-width at half maximum (FWHM) of the line spread function) on the de-
tector which measures approximately 65 pm (calculations are given in Appendix B.1).
Therefore, the tolerance analysis is performed with the root-mean-square (RMS) spot
radius as the nominal criterion and its maximum limit is set to be the FWHM of the
line spread function (LSF).

Through the Inverse Sensitivity analysis, we identify the critical components within
the design and establish permissible tolerances for each of their parameter values. The
comprehensive error budget for each of the components are documented in Table 4.3.
Based on the specified tolerances in Table 4.3, the Monte-Carlo tolerance analysis
rigorously evaluates the cumulative effect of these tolerance values on the RMS spot
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Table 4.3: Error budget of SPOLEO design components (RMS spot radius of 65
pm)

Tolerance Value
Radius of curvature +180um
Element Tilt +10"

Parameter

Surface irregularity  \/10 @ 770 A
Element Decenter +10pum
Thicknesses +10pum

radius. It is observed that the radius of curvature causes maximum change in the
RMS spot radius from its nominal value. Therefore, the tolerance on the radius of
curvature of the components need to be tightened compared to the other parameters.

Table 4.4: FError budget for RMS spot radius of 0.0049 pm (diffraction-limited

resolution).

Parameter

Tolerance Value

Telescope parabola:

Radius of curvature =+ 56 pum
Element Tilt +1.9”
Surface irregularity ~ \/10 @ 770 A
Element Decenter +10 pm
Thicknesses +10 um
Collimator:
Radius of curvature +47 pum
Element Tilt +10”
Surface irregularity ~ \/20 @ 770 A
Element Decenter +10 pm
Thicknesses +10 um
All other elements:
Element Tilt +10”
Surface irregularity  \/10 @ 770 A
Element Decenter +10 um
Thicknesses +10 um

Table 4.4 presents the error budget for all the components of the SPOLEO design

while considering the case of diffraction-limited resolution. In this case, the maxi-
mum limit of perturbing the RMS spot radius is set as the airy disk diameter, i.e.
4.88 pum. We observe that the radius of curvature of telescope and collimating mir-
rors are stricter than the former case when the RMS spot radius was limited to 65
um. We also note that in the diffraction-limited case shown in Table 4.4, a higher
surface quality (A/20) is required for the collimating mirror compared to the other
components. However, all the components required a relaxed surface error of A\/10 in
the former case. Furthermore, the tolerance on the tilt angle of the telescope mirror
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is about 1.9”, which is very tight compared to the former case when all the elements
could be allowed a tilt angle upto 10” for the RMS spot radius to remain within the
limit of 65 pum.

Table 4.5: CTE values for thermal analysis in ZEMAX

Component Material CTE

Parabolic Mirrors Fused Silica 0.48 « 107° JK

and Grating (over -100 to 35°C)
Base Plate Titanium 8.6 %107% /K

Aluminium 13 %107¢ /K

4.4.3 Thermal analysis

SPOLEQ is suitably designed to operate within the EUV wavelengths. These vac-
uum wavelengths necessitate a space-based instrument that will inevitably encounter
substantial temperature variations. Therefore, after determining the error budget for
the components used in SPOLEO design, we have simulated the effects of thermal
fluctuation on the RMS spot radius by carrying out an extensive analysis for each of
the components using ZEMAX.

Due to higher thermal conductivity and very low reflection in the visible and in-
frared radiation, the telescope parabolic mirror will possess a higher operating temper-
ature than the following components. Therefore, the nominal temperature is assumed
to be at 75°C for the telescope parabola and 20°C for the remaining optical compo-
nents (considered from the SUMER operating temperatures). The change in the RMS
spot radius was examined with a temperature variation of +5°C from the nominal
temperature. During the analysis, we observed that the base plate contributes signif-
icantly to temperature-induced changes. Therefore, it is crucial to choose a material
with lower coefficient of thermal expansion (CTE; cf. Table 4.5) and hence titanium
was preferred as the base plate material over aluminium.

For further assessment of the temperature fluctuation on each optical component,
we considered six different cases for the analysis. In the first five cases, only one optical
component has been subjected to thermal variation, while the others are maintained at
their nominal temperature. In the final case, the components altogether are subjected
to temperature variation. The change in the RMS spot radius with temperature for
each of these cases is shown in Figure 4.11. From the case study, it is noted that the
temperature fluctuation of the base plate contributes significantly to the variation in
the RMS spot radius, emphasizing the importance of choosing a material exhibiting
lower CTE. In order to restrict the RMS spot radius within 65 pm (i.e., the FWHM
of the LSF shown as dashed gray line in Figure 4.11), the temperature fluctuation of
the base plate must be maintained within +4°C from the nominal temperature.
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Figure 4.11: Variation of RMS spot radius with temperature. Dashed dotted line
corresponds to the airy radius, while dashed gray line corresponds to the FWHM of
the LSF.

4.5 Conclusion

While designing a spectropolarimeter, a larger aperture telescope is important to
collect more photon flux to achieve higher SNR, thereby achieving the required po-
larization sensitivity levels. Therefore, we have chosen a telescope aperture of 50 cm
in designing SPOLEO which helps in acquiring sensitivity levels of 107°. The se-
lection of the coating and its thickness plays a pivotal role in optimizing the overall
system performance. Assuming a uniform coating on the entire surface of the optical
components, we have optimized the coating thicknesses so as to allow for maximum
throughput for all the components and maximum polarizing power for the polarime-
ter. The overall system throughput of SPOLEO is about 5%, which is sufficient to
acquire the polarization sensitivity in the orders of 107°. Furthermore, the dimen-
sions of the slit are crucial in achieving the spatial sampling required for the scientific
objective of coronal spectropolarimetric observations of the Sun.

These factors are some of the key considerations in the design of a spectropolarime-
ter, especially due to photon starvation of the polarimetric observations, a condition
that becomes even more challenging when dealing with a fainter corona. To address
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this, we performed a comparison of the SNR for photon noise dominated intensity
measurements of the EUV corona during the extreme phases of the solar cycle. Our
findings (as sorted in Table 7.1) reveal a tenfold increase in SNR from the minima
to the maxima phase of the solar cycle. We also estimated the sensitivity level that
can be achieved on the degree of linear polarization for different telescope apertures
and integration times. It is suggested that pixels binning along the spatial direction
of the detector and longer integration times will help in enhancing the polarization
sensitivity to the order of 1075 with the designed instrument.

We have also provided an error budget detailing the tolerances which will be
required for each component during the fabrication process, thereby guiding the de-
termination of acceptable trade-offs. Since high spectral resolution is not crucial for
the Hanle diagnostic technique, the error values have been relaxed within the limits of
the scientific requirements. These error values are then compared with those achieved
in the diffraction-limited case and we found that more relaxation can be allowed in
the former case.

Moreover, we have estimated the surface roughness (or, surface irregularity) which
is a key parameter governing the radiation scattering within the instrument. The
roughness and the uniformity of the surface coating will also affect the polarizing power
of the coating used on the reflection-based polarimeter. Therefore, an in-depth study
of the impact of multiple scattering, due to the designed surfaces, on the polarizing
power of the instrument can be performed through the stray light analyses of the entire
system. The stray light analyses will also ascertain the surface roughness required for
each of the optical elements in the SPOLEO design. The conceptual framework of
SPOLEOQO can be further extended to study the polarization aberrations in order to
understand their effects on the image-forming potential of the entire system. For this
study, the polarization ray tracing feature of ZEMAX can be utilized to analyze the
SPOLEO instrumental polarization.
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Chapter 5

Development and laboratory character-

ization of polarimeter prototype

Design requirements of a Spectropolarimeter for solar Extreme-ultraviolet Ob-
servations and characterization of K-mirror based on Brewster’s angle
Raveena Khan, Radhika Dharmadhikari, Harsh Mathur, K. Nagaraju, Sin-
chana R. Jain, D.V.S. Phanindra, K. Sagayanathan, 2024, Applied Optics,
under revision.

5.1 Introduction

To infer the vector magnetic field in the Sun and Sun-type stars, spectropolarimeters
are utilized to record measurements of intensity in full polarization mode (i.e., record-
ing Stokes I,Q,U,V). A number of spectropolarimeters are currently operational
in different telescopes that differ mainly in the technical realization of polarization
modulation. This polarization modulation is either achieved by rotating retarder
waveplates (for eg. Socas-Navarro et al., 2006; de Wijn et al., 2022) or by switching
retardance using ferroelectric liquid crystals (FLCs) (for eg. Collados et al., 2007;
Scharmer et al., 2008). All these techniques involve the utilization of transmission
optics for modulation of the polarization states of incoming light.

On the other hand, reflecting surfaces with polarizing coatings (dielectric or metal)
split the electric field vector of the incident beam of light into two components: parallel
to the plane of incidence, called the s-component, and perpendicular to the plane of
incidence, called the p-component. When light of a particular wavelength is incident
on a reflecting surface at the Brewster’s angle, the reflected beam is optimally linearly
polarized, i.e., one polarized component gets suppressed while maximally reflecting
the other component. Therefore, the concept of Brewster’s angle can be exploited to
design a linear polarization modulator.

Such linear polarization modulators find applications in weak-field polarimetry
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where the magnetic field of the Sun (Sahal-Brechot, Bommier, and Leroy, 1977; Sten-
flo, Keller, and Gandorfer, 1998; Khan et al., 2024), the stars (Pallavicini, 1988;
Ignace, Nordsieck, and Cassinelli, 2004) and the planets (Ben-Jaffel et al., 2005) can
be diagnosed through the Hanle effect (Hanle, 1924). Such polarimeters can also be
used for the wavelength domains where transmission optics are non-feasible options.
For example, POLLUX onboard the Large Ultraviolet Optical Infrared surveyor (LU-
VOIR) mission is an innovative reflective polarimeter designed for the far-ultraviolet
range (Bouret et al., 2018; Le Gal et al., 2020).

As a continuation of the SPOLEOQO design discussed in the previous Chapter 4, we
have developed a prototype of the K-mirror based polarimeter utilizing the principle
of Brewster’s angle (Brewster, 1815). Since we do not have a vacuum chamber and
clean room facility yet for fabricating the BaF92 coated mirrors, the prototype has
been fabricated with readily available aluminium coated mirrors. In this chapter, we
discuss the performance modeling of the polarimeter design and analytical derivation
of the modulation matrix, along with the expected Stokes efficiency, using the ZEMAX
optical design software. We also demonstrate the development and calibration of the
K-mirror based polarimeter in the lab at a visible wavelength of 700 nm. Since the
detectors at these wavelengths are sensitive only to intensity, we have established a
scheme to encode the polarization information of light in form of intensities. We
also discuss the experimental setup which has been used to retrieve the polarization
(Stokes I, @, U) profiles of the incoming light.

5.2 Polarimeter model and Mueller modulation

Figure 5.1 illustrates a three-dimensional (3D) layout of the K-mirror based polarime-
ter. For the preliminary experiment, we have modeled aluminum (Al) coated mirrors
using ZEMAX. Additionally, we have incorporated a thin layer of aluminum oxide coat-
ing (Al203) which forms a thickness of approximately 50 nm over Al coating within
few hours of air exposure (Sankarasubramanian, Samson, and Venkatakrishnan, 1999).
« represents the angle of incidence at mirrors M1 and M3, and [ represents the an-
gle of incidence at mirror M2. Different configurations of mirror-based polarimeter
have been explored in Chapter 4.2, out of which the 3-mirror configuration (shaped
as the letter K) exhibits higher polarizing power (Khan, Nagaraju, and Phanindra,
2023). Moreover, in this design, the angles of incidence at the three mirrors of the
polarimeter follow the given relation 2o — f = 90° (Hass and Hunter, 1978). This
condition ensures that the emergent beam from mirror M3 follows the same path as
the incident beam at mirror M1. We have considered angle 3 as the Brewster’s angle
which is calculated as fp = tan~!(n), where n is the refractive index of the Al203
coating at 700 nm wavelength.
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Figure 5.1: Top panel: ZEMAX 3D layout of the aluminium coated K-mirror po-
larimeter. « is the angle of incidence at M1 and M3, while 3 is the angle of incidence
at M2 satisfying the relation 2a — 3 = 90°. Axis Z depicts the optical axis around
which the polarimeter is rotated in clockwise direction. Bottom panel: Corresponding
K-mirror polarimeter housing is fabricated at ITA workshop. The angles a and 3 for
the prototype polarimeter at 700 nm are 76° and 61°.

5.2.1 Methodology

The Mueller matrix is a mathematical concept used in polarimetry, which character-
izes how the polarization state of the incident light gets affected by interacting with
each component in the ensemble of components in the entire system (del Toro Ini-
esta, 2003). It is usually written as a 4 X 4 matrix that encompasses the modification
of both intensity and the polarization state of light, represented by the Stokes vector
(I,Q,U, V). The input Stokes vector Sj, can be mathematically related to the output
Stokes vector Sgut as
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Sout — Q = Ms Q = Ms : Sin 5 (51)
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where My is the Mueller matrix of the system ensemble. In this study, we have con-
sidered the system ensemble to be consisting of three mirrors, as shown in Figure 5.1,
which altogether form the modulation unit of the polarimeter. The system also acts
as a linear polarization analyzer (LPA) due to the second mirror M2 being set at
the Brewster’s angle, which polarizes the emergent beam in one direction. The aim
of this work is to characterize the LPA through the derivation of its modulation and
demodulation matrices so as to retrieve the Stokes parameters (I, @, U) of the input
light.

The Mueller matrix of LPA is calculated using the electric field vector information
obtained from ZEMAX (Anche et al., 2015). Starting with deriving the Mueller matrix
of each mirror of the LPA, the Jones vectors corresponding to different polarization
states are given as inputs to the Polarization Pupil Map. In the output for each
polarized state, the electric field amplitudes (E, and E,) and their phase differences
(0 = §y—0,) are obtained from the pupil map. Using these field amplitudes and phase
differences, the Stokes parameters are calculated as

. 2 _ 2
Qif_| Fa—Ey (5.2)
Uj QEW'Eyj COS (5]‘ ’
V}‘ 2E:chyj sin (Sj

where j corresponds to each of the six states of polarization, i.e., horizontal (0),
vertical (90), linear (45 and -45), right circular (RC), and left circular (LC). The
Mueller matrix of each mirror surface is then calculated using the six Stokes vectors,

as
In+1o0 Io—1Ioo Is5—1I-45 Ipc—ILc
M,, — Qo+ Qo Qo— Qoo Qus —Q-s5 Qrc —QLc ' (5.3)
Uo+Ugp Uo—Ug Uss—U_s5 Urc—ULc
Vo+ Voo Vo—Voo Vis—V_ys Vee—Vic
For the incident beam of light being parallel, collimated and symmetric about the
optical axis, the derived matrices are identical for all the rays. Since the Mueller ma-

trices of each mirror surface are in the local coordinate (ps) frame, they are converted
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to the global coordinate system of the incident ray via the rotation matrix,

1 0 0 0
R(O) 0 c0§(29) sin(20) 0 (5.4)

0 —sin(20) cos(260) 0

0 0 0 1

The Mueller matrix of each reflecting surface is therefore derived as

M(61) = R(—01) - M1, - R(61), (5.5)
M(02) = R(—62) - M2, - R(62), (5.6)
M(03) = R(—63) - M3, - R(63), (5.7)

respectively, for mirrors M1, M2 and M3. Subsequently, the Mueller matrix of the
entire polarimeter is calculated as

Mppa = M(03) - M(02) - M(61). (5.8)

Here, 61, 05 and 03 are the direction cosines of the normal at the surfaces M1, M2
and M3. The Mueller matrices of these surfaces in the global coordinate system are
M(61), M(62) and M (6s).

5.2.2 Simulated results

Using Egs. 5.2 to 5.8, the Mueller matrix of LPA is derived as

0491  0.099 —0.247 0.144

~0.196 —0.285 0.317  0.075
Mypa = . 5.9
LPA™ 1 0225 —0.031 0204 —0.396 (59)

0.060 —0.277 —-0.259 —0.084

The input light is modulated by rotating the K-mirror polarimeter by different an-
gles about its optical axis. The optimal modulation angles are determined using the
minimization algorithm of scipy.optimize.least_squares function in Python, with the
constraint of maximizing the efficiency of Stokes (Q,U). Since the Hanle diagnostic
technique focuses solely on the measurement of Stokes (@, U), we aim to modulate just
these Stokes parameters with a balanced (identical) efficiency. After several iterations,
we obtained four suitable position angles of LPA: 0°, 5.01°, 23.04° and 45°.

We define the modulation matrix O as a 3 X N dimensional matrix formed by

positioning the polarimeter at each of the N modulation angles and estimating the
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respective Mueller matrix. To derive the modulation matrix from the simulated model,
we have selected N = 4. Therefore, the first row of the corresponding Mueller matrices
together form a 3 x 4 modulation matrix, which is given as

1.0000 0.203 —0.503
1.0000 0.288 —0.460

0= : (5.10)
1.0000 0.503 —0.203

1.0000 0.503 0.203

From the above simulated modulation matrix, the maximum polarimetric efficiency

of the Al mirrors based polarimeter is expected to be [1.0, 0.4, 0.37].

5.3 Laboratory experiment

Figure 5.2 shows a side view of the experimental setup at the optics laboratory of the
Indian Institute of Astrophysics (ITA). In this section, we delve into the details of the
polarimeter characterization procedure conducted within the lab and compare with

the simulated results mentioned in the previous Section 5.2.1.

5.3.1 Calibration setup

The calibration setup is placed prior to the LPA. The setup begins with a 12 V, 100 W
tungsten-halogen lamp as the light source followed by the collimator. The collimating
optics housing has been built in-house at IIA, which is equipped with a 500 um
diameter pinhole at its entrance aperture. The collimated beam passes through a
700 nm bandpass filter before reaching the linear polarization generator (LPG). The
LPG is mounted on a rotation stage R1 which is connected to a microstepping driver.

5.3.2 Polarimeter setup

Bottom panel of Figure 5.1 depicts the top view of the polarimeter setup and its
rotation housing, which was custom-built at the ITA workshop. This housing ac-
commodates three mirrors, each with a diameter of 25 mm, and incorporates tip-tilt
adjustment screws positioned at the rear of the mirror-holding blocks. To confine the
beam size within the mirrors’ surface area, we have placed a 25 mm variable aperture
between the filter and the LPG. The LPA is mounted on a similar rotation stage R2.

5.3.3 Experimental Procedure

Following the LPA, the imaging optics housing is placed before the camera. For
acquiring the measured data, we have used an Andor Neo 5.5 SCMOS camera with
low read noise (1 electron). A Python code has been developed to control the rotation
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Figure 5.3: Schematic of the rotation stage controller and the camera interface with
the computer.

of the LPG and LPA by sending user commands via the RS232 interface. Additionally,
the image acquisition is enabled by using a Peripheral Component Interconnect Data
Acquisition (PCI-DAQ) card interfaced through the driver provided by Andor. A
block diagram illustrating the internal components of the rotation stage controller is
shown in Figure 5.3.

Since the detector can only measure the intensities, denoted as I (i.e., first element
of Sout in Eq. 5.1), the input polarization must be encoded into intensity variations in
such a manner that the polarization states can be derived by analyzing these intensity
measurements. As a result, only the first row of the Mueller matrix is relevant for
modulation. A generic form of the modulation matrix O can, therefore, be equated
to these output intensities as

1 1 1 1
Lout I mg mgy mgs
2 2 2 2
IS I mg, mgy, mgs I
Touwt = . =1. . . . 1Q1 =0-8Sin, (5.11)
. . . . U
N N N N
Lot I mg mgy; mos

where Iout is the column vector of N intensity measurements performed at each
angle of modulation, and Sj, is the input Stokes vector we want to obtain from the
measurements.

The LPG is rotated from 0 to 360° in steps of 15° at each modulation angle
of the LPA. The known states of polarization (Sj,) are generated, which are then
sent through the LPA, and the corresponding intensity outputs are recorded at the
detector. This process is repeated for the four position angles of the polarimeter, viz.
0°, 5.01°, 23.04° and 45°, as obtained through the iteration scheme in Section 5.2.2.
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Using these intensity measurements (Ioyt), the modulation matrix is calculated as
0= Lout S;Il; : (Sin : S;Ir‘l)_l' (512)

In order to retrieve the input Stokes parameters Sy, the corresponding demodulation
matrix (D) is calculated as the pseudo-inverse of the modulation matrix, i.e.,

D=(0T.0)'.0". (5.13)
Subsequently, we derive the input Stokes vector as
Sin = D - Lout. (5.14)

The efficiency of the polarimeter LPA is calculated from the modulation matrix as

LN 1/2
€6 = (NZOJQ-Z) , (5.15)
j=1

where i € [I,Q,U]. While a minimum of N = 3 measurements is necessary to retrieve
the three Stokes parameters, we have opted for N = 4 measurements repeated twice
at each of the modulation angles. This choice has improved the SNR associated with
each Stokes vector and has therefore enhanced the efficiency of measuring Stokes @
and U.

5.4 Results and Discussion

In the process of deriving the modulation matrix following the experimental proce-
dure mentioned in Section 5.3.3, the LPG is rotated from 0 to 360° in steps of 15° at
each modulation angle of the LPA. Hence, we obtain a total of 25 x 4 data frames,
where 25 is the number of known input states of polarization and 4 is the number of
modulations. Modulation and demodulation matrices are obtained using Eq. 5.12 and
5.13, respectively. The demodulation matrix is then applied to the measured intensity
vector Iout to infer the Stokes parameters of the known input states of polarization.
These inferred Stokes inputs are compared with the theoretical values. Figure 5.4
displays the inferred input Stokes parameters after modulating and subsequently de-
modulating the input. The inferred Stokes inputs (shown as dashed blue line), along
with the associated errorbars, are overplotted on the theoretical values (shown as solid
orange line).

While determining the modulation and the demodulation matrices, it is crucial
to derive the uncertainties arising from the measurement errors, and hence getting
propagated to the inferred Stokes profiles. Following the technique described by
Asensio Ramos and Collados (2008), we have applied the Monte Carlo method (with
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Figure 5.4: Demodulated Stokes profiles which correspond to the input polarization
states into the polarimeter LPA. Solid orange line is theoretical, while dashed blue

line is measured through the balanced modulation scheme.
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5.5 Conclusion

M = 10000 simulations) to estimate errors in both the modulation and demodulation
matrices. In this process, we have utilized the standard deviation of the measured in-
tensities to calculate the errors produced by the measurement setup. Modulation and

demodulation matrices are given below along with their associated error estimates.

1.0 0.177 —-0.395 0.0 0.006 0.006
1.0 0.243 —-0.360 0.0 0.006 0.006
O = , (5.16)
1.0 0.404 -0.156 0.0 0.007 0.008
1.0 0.367 0.221 0.0 0.009 0.009
and
0.716 —1.944 0.071 0.063 0.178 0.059
0.111 —0.153 —0.348 0.058 0.168 0.050
D= + . (5.17)
—0.997 3.267 —0.865 0.075 0.210 0.077
0.720 —-1.314 1.184 0.078 0.224 0.072

From the errors on the demodulation matrix (eq. 5.17), the polarimetric accuracy
is estimated to be better than 0.224. The maximum difference between the expected
and the measured Stokes profiles (shown in Figure 5.4) is about ~ 0.224 for Stokes @,
thereby allowing the measurement of polarization signals upto 0.2 or higher. From the
aforementioned modulation matrix, the polarimetric efficiency for Stokes (I,Q,U) is
calculated as [1.0, 0.31, 0.30]. Therefore, we have obtained almost balanced efficiencies
compared to the simulated results obtained in Section 5.2.2.

5.5 Conclusion

In this chapter, we have presented the development and calibration of a 3-mirror based
polarimeter at the visible wavelength of 700 nm. We have studied the characteristics
of the polarimeter setup in modulating the linear polarization states of incoming light.
The modulating unit consists of three mirrors arranged in a K-shaped configuration
to ensure that there is no deviation in the optical axis of the system while rotating
the modulator. The second mirror is set at the Brewster’s angle, effectively making
the polarimeter to act as an analyzer as well.

In this preliminary study, our primary objective was to calibrate a reflection-based
linear polarization modulator and explore its potential in the field of polarimetry.
Therefore, we developed and tested a prototype polarimeter using readily available
aluminium mirrors as reflecting surfaces. Aluminium exhibits low polarizing power;
therefore, the instrument efficiency needs to be improved by using highly polarizing
coatings on the K-mirror based polarimeter. In our next phase of research, we will fo-
cus on developing and characterizing the K-mirror based polarimeter at the Brewster’s
angle in the EUV spectral range where transmission-based optics is not feasible.
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Chapter 6

Summary and Outlook

6.1 Summary

The prime focus of this thesis is to find new diagnostics of the TR and coronal magnetic
field vector, exploring suitable instrument concepts and performing a proof-of-concept
characterization of the instrument prototype in the laboratory. These new diagnostics
in the EUV spectral range will enable both on-disk and off-limb observations of the
TR and corona. On-disk magnetic field measurements are important to comprehend
the stratification of magnetic field in various layers of the solar atmosphere. A part of
the thesis was also associated with a science case of synthesizing the polarization maps
at one of the EUV lines and studying the variation of polarization signatures during
different phases of the solar cycle. We have also developed an in-house prototype of
the polarimeter instrument and performed its characterization in the optics laboratory
at a visible wavelength of 700 nm. A chapter wise summary of the main results is

presented in the following sections.

6.1.1 Chapter 2

The Hanle diagnostic technique has the potential to probe the weak magnetic field vec-
tor of the TR and corona. However, this method requires at least two electric-dipole
transition (permitted) lines within the critical Hanle regime to derive an unambigu-
ous solution for the magnetic field vector. To achieve this, we determined crucial
parameters, such as the critical Hanle field and the polarizability coefficient, which
helped in identifying several permitted lines in the EUV/FUV spectral range of 100
to 1600 A. The FUV and EUV lines are selected based on their critical magnetic field
(those with By = 0.01 to 200 G) for Hanle sensitivity, non-zero polarizability coef-
ficient (those with W5 > 0), and reasonable line radiances (those with radiances >

2s~larcsec™2). The potential Hanle sensitive lines span across the tem-

1 photon cm™
perature range of logio(7") = 5.5 — 6.3, indicating their emitting regions are in the TR

and corona. From an instrumentation perspective, these lines have close proximity in
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terms of wavelength separation. Therefore, a single polarimetric instrument based on
the concept of Brewster’s angle can accommodate at least a pair of these Hanle sensi-
tive lines. A few FUV lines are also examined in the context of providing additional
constraints on the LOS component of the magnetic field vector. However, the use of
FUYV lines is limited by the large wavelength separation (a passband of about 110 A
exists between 1349 A and 1467 A) between them. We also found two intriguing lines,
Si 1x 694 A and Al x 637 A, with Hanle sensitivity from 0.001 to 0.05 gauss, which
can help in probing very weak TR and coronal magnetic field in the milligauss range.
A detailed modeling and interpretation of the polarization of few of these lines will
help in determining the polarization signal levels expected for developing a suitable

instrument.

6.1.2 Chapter 3

Ne vii1 770 A is one of the brightest EUV lines emitted between the TR and the lower
corona. We have utilized 3D PSIMAS models to simulate the linear polarization and
study the variation in the Hanle regime polarization signals during different phases
of the solar cycle. The Hanle regime polarization signals at Ne viir 770 A vary from
107 at the disk centre to 10! off-the-limb. We have also examined the effect of col-
lisions on the degree of linear polarization and azimuth signals. Although collisions
have a significant impact on the Hanle polarization signals at all solar phases, we have
demonstrated how the higher pumping radiation characterizing the solar maximum
can help achieve larger SNR values in both Stokes L/I and azimuth. While azimuth
values are not affected by the presence of collisional excitation, the noise on their mea-
surement is, because of the contribution of collisional excitation to the total intensity
which affects the detectability of polarized signals. Ne viir 770 A has shown poten-
tial to be used as an overall coronal diagnostic without the need of a coronagraphic
instrument. This EUV line is a useful complement to other coronal field diagnostics
in the FUV, such as O vi 1032 A and H 1 1216 A, which share comparable critical
Hanle fields of about 35 gauss and 53 gauss, respectively. Further theoretical studies
using other EUV spectral lines will help in determining potential candidates that can
be used with Ne viir 770 A in tandem, for the differential Hanle diagnostic technique.

6.1.3 Chapter 4

Polarimetric observations generally suffer from photon starvation, which becomes even
more challenging in case of fainter TR and corona. To address this issue, we have
designed an EUV spectropolarimeter using ZEMAX, featuring a larger aperture tele-
scope based on reflective components. We have incorporated suitable mirror coatings
and their thicknesses to minimize throughput losses. A 3-mirror based polarimeter
has been integrated and optimized which achieves a polarizing power of 20 — 40% in
the wavelength range of 740 to 800 A. Based on the overall performance of the system
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in terms of throughput and polarizing power, we have explored various possibilities
for achieving the required SNR and therefore the polarization sensitivity levels, along
with their limitations. It is suggested that pixel binning along the spatial direction
of the detector and longer integration times will help in enhancing the polarization
sensitivity of the designed instrument. We have also provided an error budget de-
tailing the tolerances which will be required for guiding through the determination
of acceptable trade-offs during the fabrication of each component. The conceptual
design of SPOLEO aims to enhance polarimetric diagnostic capabilities to detect the
weak polarization signals from the TR and corona. The development of SPOLEO will
be a critical step in advancing the EUV spectropolarimetric instrumentation and will
aid in bridging the gap in our understanding of the coronal magnetic fields.

6.1.4 Chapter 5

In this chapter, we have used the concept of Brewster’s angle to design and develop a
3-mirror based polarimeter at the visible wavelength of 700 nm. We have studied the
characteristics of the polarimeter setup in modulating the linear polarization states
of incoming light. The modulating unit of the polarimeter consists of three mirrors
arranged in a K-shaped configuration to ensure that there is no deviation in the
optical axis of the system while rotating the modulator. The second mirror is set at
Brewster’s angle, effectively allowing the polarimeter to act as an analyzer as well. We
have developed and tested a prototype polarimeter using readily available aluminium
mirrors as reflecting surfaces. Although these mirrors exhibit low polarizing power, we
optimized the polarimeter for maximum possible efficiency. The preliminary results of
characterizing this specialized polarimeter will guide us in calibrating the polarimeter
with BaF2 coated mirrors in the required EUV spectral range of 740 to 800 A, where

transmission optics are impractical.

6.1.5 Novelty of thesis

This thesis has the following novel aspects:

e Novel list of unexplored Hanle sensitive lines in EUV spectra: A list
of Hanle sensitive lines in the EUV spectral range was identified having tem-
perature sensitivity in the TR and coronal regions of the Sun. These lines can
be further utilized for developing suitable instruments to measure the magnetic

fields at the upper solar atmosphere.

e First time simulation of on-disk polarization: We have utilized 3D PSI-
MAS datacubes to determine the Hanle polarization signals and study its vari-
ation due to several factors, which is a first time approach to perform these
simulations directly on the disk of the Sun.
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A new diagnostic of coronal magnetic field — Ne viir 770 A: We have
demonstrated the potential of Ne viir 770 A as a new coronal magnetic field
diagnostic without the inclusion of a coronagraph instrument. Due to its sen-
sitivity to the critical Hanle effect, Ne vimr 770 A can be used for probing both
the magnetic field strength and the field azimuth in the solar corona.

e Highly polarizing mirror coatings found in EUV: We have explored suit-
able fluoride coatings in the EUV spectral range and found barium fluoride to
be possessing high polarizing power and throughput in the EUV spectral range
of 740 to 800 A, where transmission optics is impractical.

e Design of an EUV solar spectropolarimeter with 50 cm telescope:
We designed an EUV spectropolarimeter with larger aperture telescope for the
observations of TR and corona. We have optimized the instrument design to
provide higher throughput and allow for the spatial sampling required to enhance

the polarization sensitivity levels.

e First time in-house development of 3-mirror based polarimeter and its
rotation housing: We developed a 3-mirror based polarimeter housing at the
ITA workshop and conducted an experiment in the lab to study its characteristics

of polarization modulation.

6.2 Future Work

The future scope of this thesis encompasses several intriguing projects. The polarime-
ter setup developed in the lab is currently a proof-of-concept that was characterized in
the visible wavelength of 700 nm. Our future goal is to conduct experiments with mir-
rors coated with highly polarizing BaF9 in the required EUV spectral range of 740 to
800 A, which has been reported to exhibit superior polarizing capability. Additionally,
we aim to enhance the polarimeter sensitivity and accuracy by integrating advanced
calibration techniques. Furthermore, the stray light analysis of the SPOLEO design
will be carried out to determine the requirements on the surface roughness of the
optical components used in the instrument.

Another future prospect includes the synthesis of polarization maps using multi-
ple EUV lines and the development of new algorithms to derive the magnetic field
information using both the differential Hanle effect and the Zeeman effect. These
algorithms will be designed to handle the complex data obtained from the observa-
tions and provide more accurate magnetic field measurements. Moreover, there are
other symmetry-breaking processes such as non-radial solar wind, ion temperature
anisotropy and presence of active regions, which could modify the scattering polariza-
tion in addition to the weak magnetic field due to the Hanle effect. In the future, these
factors will be carefully accounted for while interpreting the simulated polarization at
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the spectral lines considered. A proper comprehension of the contribution of each of
these factors to the scattering linear polarization at the transition region and corona
will help in isolating them from the ambient magnetic field modification due to the
Hanle effect.

Additionally, we plan to collaborate with other research groups to validate our
findings and explore new applications of the developed polarimeter in different areas
of astrophysics. This collaborative approach will not only enhance the robustness of

our results but also open up new avenues for research and innovation.
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Chapter 7
Appendix

A FORWARD synthesis of EUV linear polarization

A.1 Noise estimation for linear-polarization degree and azimuth mea-
surements

We consider a telescope with throughput 7, equipped with a polarimeter that em-
ploys a modulation scheme consisting of n independent signal measurements (mod-
ulation states), and characterized by Stokes efficiencies €;, where ¢ = 0,1,2,3 for
S; = 1,Q,U,V. We follow del Toro Iniesta and Collados (2000) for the definition
of the Stokes efficiencies of a polarization modulation scheme, in terms of which the
polarimetric errors on the Stokes parameters at the entrance of the polarimeter are
given by
1 o,

;= ——— 1 =0,1,2,3 7.1
0; \/ﬁﬁi’ ¢ IR A ( )

where o, is the noise associated with the measurement of the signal by the detector
at a given modulation state s = 1,...,n. It is important to remark that the def-
inition of Stokes efficiencies implied by Eq. (7.1) assumes that the polarimeter has
unit transmissivity, so the actual throughput of the polarimeter, including any optical
losses and the quantum efficiency of the detector, must be taken into account by the
throughput 7 of the instrument (see Section 3.3.4). In addition, Eq. (7.1) assumes
that o, is constant over the modulation cycle, which generally is a good approximation
for a temporal modulation scheme (e.g., a rotating retarder), under the condition of
weakly polarized signals commonly encountered in observations of the solar corona.
We now consider the total linear polarization signal

L=vVQ?+U?,
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and the corresponding polarimetric error oy, given by

Q 2 U 2
U%Z<L> A+ (U)ot

For a balanced modulation scheme, eg = €,* and thus Eq. (7.1) gives

1 o

o =0QU = —— .
QU Un cqu

(7.2)

It is often preferable to work instead with the linear polarization degree P = L/I, for

which error propagation gives

L\? o? o? o2
b= () i+ TP

Using again Eq. (7.1), we can rewrite Eq. (7.2) as

1 o5 €5 €r

oL = =0y ;
Vo€l €Qu €QU

which we substitute in the expression of 0123 above to get

2
op="1 /P2y L. (7.4)
I €O.U

Hence, the signal-to-noise ratio SNR = I /o necessary to achieve a sensitivity op on
the measurement of P is
2

1
(SNR)p = — [ P2+ L. (7.5)
or QU

Similarly, for the linear polarization azimuth 3, we adopt the definition

1 U
g = B arctan 0 + Bo, (7.6)
where [y is an appropriate offset necessary to identify the direction of polarization for
different sign combinations of @ and U (cf. Landi Degl’'Innocenti and Landolfi, 2004,
Egs. (1.8), and the definition of the azimuth we have given in Section 3.3). We thus

*In the ideal case of a balanced and optimally efficient linear-polarization scheme, ¢; = 1 and

€QU = l/ﬁ
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have

4
14U 51,
B Y P
_ 1 U%
o 4P? 27
and using again Eq. (7.3),
1 €r 10’[
= - - —=. 7.7
P U P (@.7)

Hence, the signal-to-noise ratio (SNR) necessary to achieve a sensitivity oz on the

measurement of 5 is

1 ¢ 11
SNR)g = = - —.
( )5 2 equ P og

(7.8)

A.1.1 Presence of a background signal

The previous analysis assumed that the observed intensity signal I is produced ex-
clusively by physical processes responsible for the line emission, possibly including
collisional excitation and de-excitation. In the presence of ambient and instrumental
stray light, or a physical continuum that does not pertain to the resonance scattering
process (e.g., a Planckian continuum from the disk, or Thomson scattered radiation
off the limb), the target signal I is only a contribution to the total observed signal,
ie.,

Iops =1+ Ibg ) (7-9)

where we indicate with I, the sum of all contributions to the observed intensity
signal other than resonance line scattering. We call these contributions “background”
because it is possible in theory (e.g., through the spectral analysis of the incoming
radiation) to separate those contributions from the observed signal in order to isolate
the target line signal. Thus, the intensity signal I needed to compute the observables
of the previous analysis and their noise (we note that /3 is independent of I, but o3 is
not) must be obtained via background subtraction, i.e.,

I = Iops — Iy - (7.10)

If the intensity signals I,ps and Ip,e are expressed in photon counts, then the variance
on I (assuming the independent measurement of the background) is given by

2 2 2
O] = Ogpst Opg

~ Iops + Ibg =1+ 2Ibg ) (711)
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where for the approximation in the second line we assume that all intensity measure-
ments are photon-noise limited, so the photon count N satisfies the Poisson-statistics
condition o ~ v/N, and in the last equivalence we use again Eq. (7.9). Eq. (7.11)
can finally be rewritten as

2_ 2 Ugg 2 Ing
O'I —O'Obs 1+O'T NUObS 1+Ib . (712)
obs obs

It is important to remark that the two measured signals in Eq. (7.9) are Iy
and Ipg, and for these it is typically desirable (or required) to achieve photon-noise
limited acquisition, so that the Poisson-statistics relation for the signal’s noise implied
by Eq. (7.11) is valid. On the other hand, the noise on the derived signal I does not
satisfy the same relation, as shown by Eq. (7.11), even if the coronal photons that
contribute to the I signal obviously still obey the Poisson statistics.

The expression (7.12) for o; must be used in Egs. (7.4) and (7.7) in order to
calculate the proper target SNR in the presence of a background, for a given noise

target on P and 3, respectively. After some tedious but straightforward algebra, we
find

ar Oobs \ Lobs Ibg
°r 1
I (Iobs> I +Iobs
12 I
= NR) !/ =ebs (1 g
(SNR) \/Iz (1+72)
I 21
= (SNR)™ \/<1+;g> <1+Ibg) : (7.13)

showing that, in the presence of a background, the required SNR of Egs. (7.5) and
(7.8) are augmented by the factor

= (15) (14 282) aan

We note that this correction factor is dimensionless and does not depend on the

specific intensity units adopted. In particular, it can also be calculated using energy
units instead of photon counts.
In conclusion, in the presence of a background signal, the required SNR for a given

sensitivity target on the quantitites P and [ becomes, respectively,

k 2
(SNR)p = 25 [p2y 1 (7.15)
op EQ,U
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1 €7 1 kb
SNR)s = = —L — “be
( )5 2 equ P op

(7.16)

A.2 Supplementary figures

Figures 7.1, 7.2, and 7.3 correspond to the remaining eight CR, simulations indicated

in Section 3.2, with captions identical to those in Figures 3.1, 3.3, and 3.4, respectively.
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Figure 7.1: Same as Figure 3.1, but for the remaining CR simulations.
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Figure 7.3: Same as Figure 3.4 but for the remaining CR. simulations.
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Appendix

B Design of an EUV spectropolarimeter

B.1 Calculation of optical parameters

In the design of SPOLEO, we consider a telescope aperture of diameter (die;) 50 cm
which constitutes a parabolic mirror having a focal length (f;;) of 1302.77 mm and
an off-axis distance (called decenter in Y) of 330 mm. So, its off-axis angle can be

calculated as

6, = decenter _ o0 | (7.17)
j}d
A slit is placed at the focal plane of the telescope where the plate scale can be derived
as
s = 20ﬁ2f5 = 158.33 arcsec/mm . (7.18)
te

Similarly, the off-axis angle of the collimating parabolic mirror, with Y-direction de-
center of 63 mm and focal length (fe) of 172.25 mm, can be calculated as 20.09°.

2 2: Spot Diagram
Update Settings Print Window Text Zoom

0BJ: 0.0000, 0.0000 (deg) + 0.0770

Surface IMA: detector IMA: 0.000, 0.000 mm
Spot Diagram

Figure 7.4: Figure illustrating linear dispersion between the wavelengths of 740 A
and 800 A.

We have chosen a concave grating of radius (Ream) 3509.52 mm and a groove
density (gq) of 4000 lines/mm. The grating also acts as an imaging camera. Given
the angle of incidence (i) of 18.52° at a wavelength (\.) of 770 A, the focal length of

grating can be computed as

]%cawz _
Jeam = = “eo = 1803.28 mm . (7.19)
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B Design of an EUV spectropolarimeter

Therefore, the magnification factor at the detector plane due to the entire optical

system is given by

fcam

coll

M =

=10.47 . (7.20)

The angle of diffraction for the grating in first diffraction order (m = 1) can be derived
using the grating equation as

d=sin"!

<nzx Ao

—sing) = —0.55° . 7.21
1/9q ) (7.21)

At the image/detector plane which corresponds to the last surface in the Lens data
editor of ZEMAX, the linear dispersion due to the grating is calculated by measuring
the separation between two adjacent spectral wavelengths at the Spot diagram, as
shown in Figure 7.4. To compute the linear dispersion, we must choose multiple
wavelengths in the Settings tab of the Spot diagram. For example, if we observe the
physical separation between the wavelengths 740 A and 800 A, it is around 43080 pm.
So, the linear dispersion can be calculated as

43080

8=

The slit dimensions are computed so as to allow the required spatial sampling

of 32" /pixel, which is a pre-requisite for the spectropolarimetric observations of the

solar corona as reported in our recent study (Khan et al., 2024). Therefore, we began

with a slit width (s,), equal to 6.32 um corresponding to around 1”7, at which the

fraction of enclosed energy (in ZEMAX) reaches maximum. The spectral slit width in

the dispersion direction, which is also referred to as the FWHM of the LSF, is derived
as Sw X M X cost

w=-2""""""—0.09A, 7.23
y B x cosd ( )

which covers a physical separation of around 65 pm (calculated using the linear dis-
persion of 718 pum/ A) on the detector plane. Next, we can calculate the plate scale
at the detector plane by choosing different field angles in the Settings tab of the Spot
diagram. For example, we have inserted field angles of (0°,0°) and (0°,1°) in the Field
tab of ZEMAX, which covers a physical separation of 223.2 mm on the detector plane.
Then the plate scale at the detector plane can be derived as

11X 3600

SI= gon s = 16.12 arcsec/mm . (7.24)

Now we consider a 1024 x 1280 detector with each pixel pitch (p) of 15 pm. Hence,
the image scale at the detector plane is around 0.24” /pixel. This implies in order
to obtain the required spatial sampling of 32”/pixel, we need to apply the pixels-
binning technique along the spatial extent of the detector. Moreover, a longer slit

109



Appendix

corresponding to 32" /pixel need to be selected which will also facilitate the acquisition
of the desired levels of polarization sensitivity. Hence, the spatial length of the slit on

the detector can be derived as

32X p
0.24

s = =2mm . (7.25)

B.2 Calculation of Ne viil photon flux

In the no-binning case, considering a slit width of 1”7 and length of 0.24”, we have
calculated the expected photon fluxes at Ne viir 770 A during the two extreme phases
of solar cycle 23 (presented in Table 7.1).

Table 7.1: Ne viir 770 A photon flux during solar maxima and minima phase

Solar max Solar min Units
Average disk 4290 61.29 ph em~?s~ tarcsec™?
50 cm telescope  8.42 x 10° 0.12 x 10 ph s~ larcsec™>
System (4.92%) 41.42 x 10*  0.59 x 10*  ph s~ larcsec™?
Spatial slit area 99408 1416 ph s~!
SNR at 1s 315 38 -

During the maxima phase of SC23, we have considered an average QS flux of
4290 ph em~2s tarcsec™? at Ne vii1 770 A obtained from Sarro and Berihuete (2011).
The system efficiency, after design optimization of SPOLEOQO, is 4.92%. With an
aperture diameter of 50 cm, the telescope area can be calculated as

dte
Ager :7T< ;l

2 2
) ~ 1963 cm? . (7.26)

The area of the slit is computed as 0.24 arcsec?. Therefore, the total number of Ne
vIII photons collected per second per pixel, after passing through the entire system,

can be derived as
Fmaz = 4290 x 1963 x 0.0492 x 0.24 ~ 99408 photons . (7.27)

Assuming the photon count N = f,,4, satisfies the Poisson-statistics condition oy =
V' N, the signal-to-noise ratio (SN R) can be calculated as

fma:c
Vv fmax

If we perform spatial binning of 133 pixels, resulting in a spatial sampling of 32" /pixel,

SNR = ~ 315 . (7.28)

then we can derive the SINR to be approximately 3632. Evidently, n-pixel spatial
binning increases the SN R by a factor of y/n. Following the same procedure, we can
calculate the corresponding SN R during the minima phase of SC23.
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