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Summary

Many open questions in solar physics demand the acquisition of spectropolarimetric mea-
surements of solar light, involving challenging requirements in terms of spatial, spectral
and temporal resolution, and polarimetric sensitivity. There are important motives to try
acquiring such measurements from the ground instead of using a space-based observatory,
e.g. the larger available apertures. However, a major impediment to reach the require-
ments are the effects of atmospheric seeing. The most important effects are the reduction
of spatial resolution, and the introduction of spurious polarimetric signals (denoted as
seeing induced crosstalk, SIC) caused by variable seeing induced image aberrations, and
the fact that polarimetric measurements are based on time differential photometry.

Standard numeric techniques used to correct for seeing induced image aberrations, re-
quire short exposure times (<10 ms). In addition, a fundamental solution to reduce SIC is
to increase the modulation frequency of the polarimeter beyond the values defined by the
typical seeing coherence time (>100 Hz). The two aforementioned properties can be met
by a high-cadence polarimeter. This thesis describes the development of such a polarime-
ter and presents the results obtained with a specific instrument, namely the prototype of
the Fast Solar Polarimeter (FSP). FSP is based on a high-cadence (up to 800 fps) cam-
era and a polarization modulator with ferro-electric liquid crystals (FLCs). The camera
is custom-made, using a frame-transfer, back-illuminated pn-type CCD (pnCCD) sensor,
that has high sensitivity, and provides almost 100 % duty cycle.

We have characterized and integrated the components of the modulator package, us-
ing a model-based optimization procedure to derive the position angles and retardances
of the components that minimize the dispersion of the polarimetric efficiencies. We have
obtained a variation of 20 % of the total polarimetric efficiency, in the 400 to 700 nm
wavelength range. In addition, the characterization results of the integrated modulator
package allowed us to derive basic calibration and operational requirements. We have
also characterized the pnCCD camera and we have proven that it is suitable to be used
for high-cadence, high-sensitivity polarimetry. This includes selecting a specific syn-
chronization between camera and modulator —which allowed us to develop a numeric
technique for correcting image smearing post-acquisition— and addressing the effects of
non-linearities, residual offsets, common-mode noise and readout noise of the camera.

The FSP instrumental concept was validated during five campaigns carried out in the
years 2013 to 2015 at the 68 cm German Vacuum Tower Telescope of the El Teide obser-
vatory on Tenerife. We have measured the second solar spectrum of Ca I 422.7 nm with a
polarimetric sensitivity of 8 x 107, and we have detected sub-arcsec bipolar transversal
Zeeman signals of the quiet Sun at the 1 x 1072 level, using the TESOS filtergraph tuned
to the Fe I 630.2 nm spectral line. In addition we have found that the high cadence and
duty cycle of FSP allows the restoration of the Stokes images by means of a multi-object
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Summary

multi-frame blind deconvolution, using only the narrow-band science data, consisting of
individual short exposure (2.5 ms) frames with low signal to noise ratio. We have studied
the residual level of seeing induced crosstalk (SIC) using non-modulated filtergraph mea-
surements. At a modulation frequency of 100 Hz, if no image restoration is used, SIC is
below the 7 x 107> noise level after averaging ~8 min of quiet-Sun Stokes images. On the
other hand, after restoring 1.16 min of the same measurements, we found traces of SIC at
the noise level of 4 x 10~ only in the edges of the images, where the performance of the
adaptive optics and image restoration are reduced due to seeing anisoplanatism.

The techniques and methods studied and/or developed in this work are of relevance
for any project addressing the development of high-cadence, high-sensitivity imaging po-
larimetry.
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Kurzfassung

Viele offene Fragen in der Sonnenphysik erfordern Spektropolarimetrie mit hohen An-
forderungen an die raumliche, spektrale und zeitliche Auflosung, sowie an die polarimetri-
sche Genauigkeit. Es gibt gute Argumente warum man solche Messungen an bodenge-
bundenen Teleskopen durchfiihrt und nicht im Weltraum, z.B. wegen der grof3eren Aper-
tur von bodengebundenen Teleskopen. Ein Nachteil von bodengebundenen Beobachtun-
gen ist allerdings der Einfluss von atmosphérischer Turbulenz (Seeing). Seeing beein-
trichtigt die rdumliche Auflosung und verursacht falsche Polarisationssignale, sogenann-
ten Seeing Induced Crosstalk (SIC). Der SIC ist bedingt durch eine zeitliche Anderung
der optischen Aberrationen wihrend der Polarisationsmessung, welche ihrerseits auf einer
zeitlichen Abfolge von differenziellen Intensititsmessungen beruht.

Typische numerische Algorithmen zur Korrektur von seeingbedingten Aberrationen
verlangen nach Einzelbildern mit kurzen Belichtungszeiten (< 10 ms). Dariiber hinaus
besteht eine grundlegende Losung fiir das Problem des SIC darin das Polarimeter bei
Modulationsperioden unterhalb der typischen Korrelationszeitskala des Seeings zu be-
treiben. Dies entspricht Modulationsfrequenzen oberhalb von 100 Hz. Alle die genannten
Anforderungen kénnen durch ein schnelles Polarimeter erfiillt werden. Diese Disserta-
tion beschreibt die Entwicklung eines schnellen Polarimeters sowie die Resultate die mit
dem Prototypen des "Fast Solar Polarimeter" (FSP) erzielt wurden. Das FSP besteht aus
einer schnellen (bis zu 800 fps) Kamera und einem Polarisationsmodulator aus ferroelek-
trischen Fliissigkristallen (FLCs). Die Kamera ist eine Spezialanfertigung basierend auf
einem riickseitenbeleuchteten pn-Typ CCD (pnCCD) Sensor mit Frame Transfer. Dieser
Sensor hat eine sehr hohe Empfindlichkeit und ermdglicht den Betrieb bei einem Arbeits-
zyklus von nahezu 100 %.

Die Komponenten des Modulators wurden einzeln charakterisiert und mit Hilfe eines
Modells in Bezug auf Positionswinkel und Verzogerungen dahingehend optimiert, dass
eine moglichst hohe und achromatische polarimetrische Effizienz erreicht wird. Es ist
hierbei gelungen, die Schwankung der gesamten polarimetrischen Effizienz iiber den
spektralen Arbeitsbereich von 400 bis 700 nm unterhalb von 20 % zu halten. Dariiber
hinaus hat die sorgféltige Charakterisierung des Modulators es erlaubt, die Anforderun-
gen an dessen Kalibration und Betriebsstabilitit zu definieren, welche eingehalten wer-
den miissen, um die angestrebte polarimetrische Genauigkeit zu erreichen. Des Weiteren
wurde die pnCCD Kamera charakterisiert und es konnte gezeigt werden, dass diese in der
Tat geeignet ist fiir schnelle Polarimetrie mit der geforderten Genauigkeit. Die Arbeiten
in Bezug auf die Kamera beinhalteten weiter eine Optimierung der Synchronisierung
mit dem Modulator sowie die Ausarbeitung und die Verifizierung eines Algorithmus zur
numerischen Korrektur der durch den Frame Transfer verursachten Bildverschmierung.
Weiter wurde der Einfluss von verschiedenen kamerabezogenen Effekten auf die Polari-
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Kurzfassung

sationsmessung untersucht: Nichtlinearitét, residuale Offsets, sowie Common-Mode und
Ausleserauschen.

Fiinf Beobachtungskampagnen haben es erlaubt das FSP Konzept zu validieren. Diese
Kampagnen wurden in den Jahren 2013-2015 am deutschen 68 cm Vakuum-Turm-Teleskop
(VTT) des Teide Observatoriums auf Teneriffa durchgefiihrt. Am Gitterspektrographen
des VTT wurde unter anderem das Streupolarisationsspektrum (das sogenannte zweite
Sonnenspektrum) der Ca I 422.7 nm Spektralline mit einer polarimetrischen Empfind-
lichkeit von 8 x 107> gemessen. Am TESOS Filtergraphen des VTT wurden unter an-
derem die schwachen (Amplitude um 1 x 107%), kleinskaligen (< 1 Bogensekunde) hori-
zontalen Magnetfelder der ruhigen Sonne mittels des transversalen Zeeman Effekts in
der Fe I 630.2 nm Spektralline gemessen. Weiter konnte gezeigt werden, dass die hohe
Kadenz und der hohe Arbeitszyklus des FSP die Rekonstruktion von Stokes Bildern mit
hoher Qualitit erlauben. Dabei werden, im Gegensatz zu anderen Instrumenten inde-
rien ein zusitzlicher Breitbandkanal zum Einsatz kommt, nur die schmalbandigen und
kurzzeitig belichteten (2.5 ms) Bilder der pnCCD Kamera des FSP verwendet. Auf diese
Weise konnen differentielle Fehler zwischen zwei unterschiedlichen Bildkanilen aus-
geschlossen werden. Die Rekonstruktion basiert auf dem "Multi-Object Multi-Frame
Blind Deconvolution" (MOMFBD) Algorithmus.

Bei einer Modulationsfrequenz von 100 Hz, und ohne Bildrekonstruktion, liegt die
Amplitude des SIC unterhalb des Rauschlevels von 7 x 107>, welcher nach einer Integra-
tionszeit von etwa 8 min in der ruhigen Sonne erreicht wurde. Andererseits, nach Bild-
rekonstruktion eines Datensatzes aus der gleichen Beobachtung, entsprechend einer Inte-
grationszeit von 1.16 min, wurden Signaturen von SIC knapp oberhalb des Rauschlevels
von 4 x 107 beobachtet. Allerdings ist der SIC hier auf die Randbereiche der Stokes
Bilder beschrinkt wo die Giite der adaptiven Optik und der Bildrekonstruktion wegen
Anisoplanatismus und Randeftekten eingeschrinkt ist.

Die Techniken und Methoden die in dieser Dissertation studiert und in der Praxis
erprobt wurden sind von allgemeiner Bedeutung fiir Projekte, die sich mit hochgenauer
bildgebender Polarimetrie mit hoher Kadenz beschiftigen.
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1 Introduction

Even though the Sun is a common, middle-aged star, it is very special to human kind. Our
home planet lies within the realm of the Sun. This is true not only from a gravitational
point of view —with more than 99.8 % of the solar system mass concentrated in its star
(Woolfson 2000)— but also in terms of energy flow. The Sun has provided the majority of
the Earth’s energy input uninterruptedly during billions of years, allowing among others
things the evolution of life as we know it.

Our host star is also special from an astronomical point of view, it is the only star that
we can resolve, even in a very demanding definition of the term. State-of-the-art observa-
tories can reach a spatial resolution that corresponds to only 5 x 107> of the solar diameter
approximately (some 70 km!). The ability to investigate and in particular to image the fine
details of the Sun, has radically changed the early human conception of a static and quiet
star. Our present understanding involves a highly dynamic and active Sun, with many
phenomena that span a wide range of temporal, spatial and energetic scales. From the
more regular eleven-years cycle of the sunspots (see, e.g. Solanki 2003) to the unpre-
dictable coronal mass ejections (see Fig. 1.1), and the fast (tens of minutes) solar flares
(Stix 2002, Ch. 9). This diverse solar activity strongly influences the vicinity of Earth,
including its magnetosphere and upper atmosphere. Such an influence became socially
relevant with the advent of electricity-based and specially space-based technologies, pro-
moting among others the development of the space weather sciences (Bothmer and Daglis
2007, Ch. 2). The effects of solar activity include not only the beautiful polar auroras (see
Fig.1.1), but also more harmful phenomena such as the injection of high-energy parti-
cles in low orbits, which can damage spacecrafts, artificial satellites or hazard astronauts
during spacewalks; the induction of electric currents in long power lines or oil pipes lo-
cated in high-latitude regions, which can destroy transformers or sensing and protection
systems; the interference of satellite or aircraft communication; and the interruption or
performance reduction of global navigation systems (Bothmer and Daglis 2007).

The main driver of the solar activity is the Sun’s magnetic field (Stix 2002, Ch.
8), therefore a detailed study of its generation and interaction with solar matter, is of
paramount importance to both general society and to the scientific community. Given
the large distances and very hazardous conditions of the near-sun environment, in-situ
measurements of magnetic fields in the solar surface, or lower atmosphere, are not yet
possible. As a result, remote sensing tools have been developed to estimate the solar
magnetic fields from Earth or near-Earth space using a combination of spectropolarimet-
ric measurements of the incoming solar light and polarized radiative transfer theory (see
e.g. del Toro Iniesta 2003). The solar magnetic fields extend along spatial scales that range
from tens of km to hundreds of Mm; change in time intervals that can last few seconds to
several years; and have strengths ranging from tens to thousands of Gauss (Stix 2002, Ch.



1 Introduction

Figure 1.1. Examples of solar activity and its effects on Earth: An eruptive prominence is blown
out of the Sun (left), carrying a huge amount of charged particles and magnetic field towards the
interplanetary medium. If the ejected particles reach the Earth’s magnetosphere under the appro-
priate conditions, they can penetrate and excite the gases in the atmosphere producing an aurora
at high latitudes. However, the same source that produced the beautiful aurora Australis glow-
ing in green and red over New Zealand (right), can also harm equipment and personnel (during
space walks) of the International Space Station, from where the picture displayed rightmost was
acquired. Credits: Solar Dynamics Observatory, NASA (left) and members of the International
Space Station expedition 29, NASA (right).

8). As a consequence, remote estimations of the distribution and evolution of the fastest,
smallest and weakest solar fields requires spectropolarimetric imaging systems with high
spectral (mi\), spatial (arcsec) and temporal (s) resolution along with very low noise (1072
to 107> of the continuum intensity).

The location of the observatory, in space or on the ground, establishes important dif-
ferences that affect the ultimate performance and costs of the spectropolarimeter. The
most relevant, to achieve the above-stated polarimetric requirements, are the effects of
atmospheric seeing. When observing from the Earth’s surface, the originally plain wave-
fronts of the incoming solar light are distorted by the random fluctuations of the refractive
index in the atmosphere. Due to the differential and non simultaneous nature of polar-
ization measurements, seeing effects include not only the well known degradation of the
image quality, but also the introduction of spurious polarization signals known as seeing
induced crosstalk (SIC).

Carrying out high-precision, high-resolution solar polarimetry from the ground re-
quires, among others, the minimization of seeing aberrations and SIC. The latter can
be achieved, for instruments that use a temporal modulation scheme, by adopting a fast
modulation frequency. This translates into the necessity of using high-cadence (>400 fps)
scientific cameras. To fight seeing aberrations, adaptive optics (AO) systems and post-
facto, image restoration techniques are routinely used in modern solar facilities. Short
exposure times (~10 ms) are a requirement to optimally apply image restoration (Léfdahl
et al. 2007) as for example a multi-object multi-frame blind deconvolution (MOMFBD).
On the other hand, the low photon flux that ultimately reaches each resolution element of
the detector, along with the dynamic nature of the solar signals, impose a very low figure
(few tens of photoelectrons) for the camera noise specifications.
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In this way, the development of high-precision, high-resolution solar polarimeters is
strongly coupled to the development of fast, low-noise detectors. Moreover, only recent
technological developments in complementary metal-oxide-semiconductor (CMOS) sen-
sors or charge-coupled devices (CCDs) and their readout electronics, have allowed us to
get close to the performance requirements derived from the most demanding open ques-
tions in modern solar spectropolarimetry.

1.1 Objectives

All the main goals of this thesis are related to the instrumental challenges that arise during
the development of a state-of-the-art, ground-based, solar polarimeter. A particular focus
is on the relatively unexplored case of high-cadence solar polarimetry, by means of the
development and validation of a specific instrument: The prototype of the FSP. The main
goals of this work are:

(gl) Integration, characterization and optimization of a polarization modulator based
on ferro-electric liquid crystals (FLCs), to be used for fast modulation and high-
resolution polarimetry.

(g2) Characterization and optimization of a custom-made, pn-type CCD (pnCCD) cam-
era to be used in high-cadence polarimetry.

(g3) Integration, testing and validation of the FSP as a complete system.

(g4) Application of image restoration to high-cadence polarimetric data, to improve spa-
tial resolution and signal to noise ratio (S NR).

The most important questions that arise from the above-described goals, involve the
evaluation of the effects introduced by the pnCCD camera, never used in visible polarime-
try before; and the FLC-based modulator on the polarimeter’s performance. The principal
contributions of the author are related to the quantification of such effects and the devel-
opment of the necessary criteria and techniques to mitigate them when relevant. Since
a measurement instrument can only accomplish its purpose when all its components are
working properly and in harmony, from hardware to software, there is in addition a set of
secondary tasks that need to be carried out when trying to fulfill the listed objectives. The
most relevant contributions derived from this thesis are enumerated below.

(c1) Measurement and analysis of the properties of an FLC-based, polarization modula-
tor and optimization of its polarimetric efficiencies in a high-cadence regime. This
includes the derivation of calibration requirements from the spatial, thermal, spectral
and temporal characterization of the modulation matrix. Also the application of a
model-based optimization procedure during design and assembly in oder to obtain
wide-band polarimetric efficiencies. (cl) is related to (g1) and (g3).

(c2) Measurement and analysis of the relevant properties of a pnCCD camera and selec-
tion of a camera-modulator synchronization strategy. This involves the quantifica-
tion of the polarimetric artifacts introduced by the camera, as well as of the effects
of the camera noise properties on the instrumental performance. This contribution

3



1 Introduction

(c3)

(c4)

includes: (a) the selection of a camera-modulator synchronization strategy; (b) the
development of a novel technique to numerically correct the smearing artifacts due
to the shutter-less operation of frame transfer sensors, for the case of highly-variable
scenes; and (c) analysis of the common mode artifact correction. (c2) is related to

(g2) and (g3).

Integration and validation of the FSP as a complete system. This includes the devel-
opment of the reduction pipeline that implements all the calibration steps, derived
from the results in (c1) and (c2), necessary to obtain science ready data. It also
implies executing the relevant tasks, e.g. integration with post focus-instruments,
required to acquire the first light measurements at the solar telescope; as well as the
evaluation of the results to quantify the instrumental performance. (c4) is related to

(g3).

First restoration of high-cadence, spectropolarimetric data by means of a MOMFBD.
This involves the application of MOMFBD to spectropolarimetric data that have
an exposure time (2.5 ms) shorter than the decorrelation time of day-time seeing
(~20ms), near 100 % duty cycle (DC) and very low sensor noise (~4.9 e'rms); a
regime not reachable with others solar polarimeters. (c5) is related to (g4).

1.2 Outline

The rest of the manuscript is organized as follows:

Chapter 2 reviews the fundamental concepts relevant to the subjects presented in this

thesis. It covers the basics of solar imaging polarimetry, including polarized
light characterization and generation, a brief overview of remote solar atmo-
spheric diagnosis and a detailed description of the main components of solar
polarimeters. A limited introduction to atmospheric seeing and its polarimet-
ric effects is also given here. Finally the problem of solar image restoration
by means of a MOMFBD is briefly presented.

Chapter 3 firstly discusses the case of high-cadence, solar polarimetry by detailing its

main advantages, challenges and the derived requirements on the modula-
tor package and the scientific camera used to obtain high-resolution, high-
sensitivity observations from the ground. Secondly, the FSP is presented in-
cluding its science goals and main specifications in order to point out its pros
and cons with respect to other state-of-the-art, ground-based, solar polarime-
ters that also operate in the visible part of the spectrum.

Chapter 4 details the development of an FLC-based polarization modulator package that

operates at 100 Hz modulation frequency, and is optimized to obtain balanced
and achromatic polarimetric efficiencies in the 400 nm to 700 nm wavelength
range. Mechanical, optical, thermal and dynamical design descriptions and
characterization results are presented. The latter are used to define calibration
requirements and to develop the data reduction routines in Chapter 6.



1.2 Outline

Chapter 5

Chapter 6

Chapter 7

presents the characterization and optimization of a pnCCD camera to be used
for high-cadence, solar polarimetry. After a review of the camera design and
structure, a given modulator-camera synchronization strategy is selected to
develop a numeric technique to correct for frame transfer artifacts. The cam-
era noise, gain and dark current are measured and its impact on polarimetric
precision is evaluated. Additionally, the common mode artifact is analyzed
and its correction discussed.

describes some of the first-light measurements, carried out with FSP at the
68 cm Vacuum Tower Telescope (VTT), and discusses its results. Firstly,
the main aspects of the data reduction pipeline developed by the author are
presented. Secondly, a brief discussion of the different approaches to apply
MOMEBD to the high-cadence data, is presented. Thirdly, three observa-
tional results are shown for spectrograph and filtergraph modes. Finally, the
performance and limitations of FSP are discussed after estimating the resid-
ual SIC, and reporting the results of the measurements of the non-magnetic
557.6 nm absorption line.

summarizes the main contributions and results of the thesis. A short descrip-
tion of the second phase of the FSP project is also given.






2 Background

The development of a solar polarimeter requires understanding the synergy of different
topics, including the physics of polarized light, the engineering behind the main devices
that allow measuring polarization and the post-facto treatment of the raw data. This chap-
ter reviews these topics, in order to establish the necessary terminology and definitions,
required to present the work developed in the rest of the thesis.

Section 2.1 introduces the formalism needed to describe quasi-monochromatic, par-
tially polarized light and the natural mechanisms, relevant to solar physics, that generate
it. Additionally, it briefly describes the usage of polarimetry in modern solar physics
and what are the typical data requirements and challenges that arise from it. Section 2.2
details the different measurement techniques and the components that form an imaging
solar spectropolarimeter, including the polarization modulator, the scientific camera and
the wavelength discriminator. The polarimetric effects of the atmospheric seeing and im-
age motion, crucial for ground based instruments, are addressed in section 2.3. Where,
in addition, the problem of restoring seeing-degraded solar images is briefly discussed;
focusing on a particular technique, namely MOMFBD.

2.1 Introduction to solar spectropolarimetry

2.1.1 Description of polarized light and its transformations

Measuring polarization of light implies characterizing the behavior of the electric field
vector as the wave propagates. For the case of a transversal —the propagation mode
in free space— monochromatic wave, such a behavior is described by the well known
polarization ellipse (see e.g. Goldstein 2003, Ch. 3). Moreover, only three real parameters
are required to completely define the polarization ellipse, namely, the amplitude of the two
components of the electric field (E) that are orthogonal to the propagation direction, and
the phase difference between them.

However, the amplitude-based description mentioned above, is not complete, e.g. it
can not describe unpolarized light, and has limited practical relevance. The main reasons
of the latter are (a) that monochromatic (strictly time and space periodic) waves do not
exist in nature; (b) that the optical electric field describes a full ellipse in time-scales
that are too short to access with current detection technology (see below); and (c) that
devices capable of quantifying optical radiation are sensitive to the field volume energy
(| E |?) and not to its amplitude. Due to the aforementioned reasons, a description of the
polarization of polychromatic (in particular quasi-monochromatic) radiation, in terms of
observable (measurable) quantities is required. Such a formalism was introduced by G.
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G. Stokes in 1852, and is summarized below.

The x component of the complex electric field, E ., belonging to a quasi-monochromatic!,
transversal, plane wave propagating in the z direction; can be expressed as a monochro-
matic, plane wave that is slowly modulated in amplitude as follows

E(z,0) = [fx(t)ei(s"(t)]ei(kz_wm , 2.1)

where ¢ is time, i the imaginary unit, w, the mean frequency, k the wave number; and & (t)
and 0,(¢) are the module and phase of the complex modulating function —that determines
the spectral content of the wave— respectively.

Since in practice a polarimetric measurement requires a time interval that is much
longer than the mean period (or the coherence time) of the optical wave, a temporal av-
erage of the polarization ellipse will be actually registered during any experiment, e.g.
the mean period is 1.6 x 10713 s for a mean wavelength of 500 nm. After applying such
a temporal average, the equation of the polarization ellipse can be expressed in terms of
measurable quantities as (see e.g. Goldstein 2003, Ch. 4)

IF>0°+U*+V°, (2.2)
where,
I = (E\E}) +(EyE}) = (£X(0) + (&), (2.3)
Q = (E.E}) — (E,E}) = (£X(1)) — (£,0)), (2.4)
U = (E,E}) + (EyE}) = 2§ (1)§,(1) cos(6(1))), (2.5)
V =i((ELE}) — (EyEY)) = 2(E,(Dé,(1) sin(6(D))), (2.6)

0 = 0, — 0, and () denotes the average operation. Note that we have dropped the depen-
dences on t and z in E, and E, for clarity. However, we preserved the temporal depen-
dence in all the £ and ¢, to empathize that the wave is not monochromatic and thus it can
be partially polarized?.

The four terms introduced in Eq. 2.2, the so called Stokes parameters, are quadratic
forms of the electric filed and thus have units of intensity, i.e. they are the measurable
aspects of the polarization ellipse. They are refereed to as Stokes I parameter, that gives
the total intensity of the beam; Stokes Q parameter, that gives the amount of linear 0°
or 90° polarization; Stokes U parameter, that gives the amount of linear 45° or —45°
polarization; and Stokes V parameter, that gives the amount of right or left handed circular
polarization. The Stokes parameters are usually arranged in the so called Stokes vector
(S) as follows

S=1,0,U,V]" =1[80,51,52,55]", (2.7)

"With a spectral bandwidth negligible compared to its mean frequency.

2Since the measured signal is the result of the incoherent average of many uncorrelated photons (which
are always totally polarized), it can present zero polarization —i.e. there is no statistical preference for any
polarization state— or partial polarization. The latter means that, after averaging the polarization state of
all the considered photons, a fraction of them (given by the polarization degree) are not canceled out. Such
an incoherent superposition, can not be described by the Jones calculus because the Jones vectors preserve
the phases of the individual photons, and thus their average is equivalent to the coherent superposition (see
e.g. Stenflo 1994, Ch. 2 for a definition of Jones calculus).
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where the superscript 7' denotes the transpose. In Eq. 2.6, we have also introduced
an alternative notation of S, i.e. using Sy, S, S, and S3; both notations shall be used
indistinguishably across the manuscript.
The Stokes formalism provides a concise representation of unpolarized (Q = U =
V = 0), partially polarized (I> > Q* + U? + V?) and totally polarized (I = Q*> + U* + V?)
light. Moreover, it readily describes the polarization state (S) of a beam resulting from the
combination of two uncorrelated beams (S and ') as a simple addition (S = S© 48y,
The modification of the polarization state of a beam, resulting from its interaction
with matter, can be conveniently expressed as a linear transformation of the initial Stokes
vector, S, defined by a 4 x 4 Mueller matrix (M) as follows>

S = MS©, (2.8)

If N of such a transformations —each defined by M,,, withn € {0,1,...., N —1}andn =0
being the first one applied— act on a beam with initial Stokes vector S, the resulting
polarization state, S, is given by

0
S :( ]_[]Mn)s@. 2.9)

=N-

To facilitate the interpretation of a physically meaningful M, let us differentiate its
elements in terms of its diattenuation 3-vector (h), polarizance 3-vector (v) and 3 X 3
rotation matrix (R). Following del Toro Iniesta (2003), we can re-write Eq. 2.8 as

T
8 [Il)] = Moo [i’ l;{} [p%()):| , (2.10)

where M 1s the first element of M, the polarization vector (p) is defined as

T
= [9, g, K] =g, u,v]" with0 <|p|< 1, (2.11)

I 11
and g is the gain of the optical system. In Eq. 2.11, we have also introduced an alternative
notation of p using the short forms for the normalized Stokes parameters, namely ¢, u and
V.

A given 4 X 4 matrix is a Mueller matrix if it defines a transformation that is closed
in the Stokes vectors space, i.e. if the S obtained from Eq. 2.8 satisfies Eq. 2.2. To do
s0, My > 0 to ensure a positive output intensity for an unpolarized (p® = 0, also called
natural) input; h has to belong to the Poincaré sphere* to ensure 7/I > 0 ; and v has to
belong to the Poincaré sphere because p = v for a natural input.

A useful Mueller matrix is the one that produces a rotation of the reference frame in
the transversal plane of the wave, i.e. it does not modify circular polarization values (V).

3This matrix approach, introduced by Hans Mueller in 1940s, satisfactorily describes the polarimet-
ric effects of most of the optical components found in solar telescopes, spectrographs and polarimeters.
Moreover it also sets the basis for the description of the polarimetric effects of stellar atmospheres.

A unitary sphere introduced by Henri Poincaré to visually represent the polarization state of a beam,
and simplify the calculus of its modifications when interacting with polarizing elements (see e.g. Goldstein
2003, Ch. 12).
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For a rotation of an angle 6, measured counterclockwise from the Stokes Q direction, such
a matrix is defined as (del Toro Iniesta 2003)

1 0 0 0

_ 0 Cy 52 0
M) =1y  _ s ¢ O] (2.12)

0 0 0 1
where ¢, = cos(26) and s, = sin(26). Note that, M,,; is a R* rotation matrix, i.e.
M,,M! = M! M,, = 1, where 1 is the identity matrix. After rotation, the new Stokes

vector and Mueller matrix are given by

S =M,,S? and M = M’ MOM,,, (2.13)

2.1.2 Generation and transformation of polarized light

There are many radiation-matter interaction processes that can generate polarized light or
modify its polarization state (see e.g. Sascha 2014). Polarization is a highly geometrical
phenomenon that arises from the fact that light is asymmetric, i.e. it propagates transver-
sally in free space, therefore the processes that generate polarization are associated to
asymmetries in the source-observer system. The most common processes are summa-
rized in Fig. 2.1 along with some examples of their occurrence in the context of solar
spectropolarimetry. As can be appreciated there, some polarizing processes take place in
the Sun (these can potentially be used to retrieve solar properties) and some others occur
at an instrumental level (these can be used to detect polarization or, ironically, may make
this task difficult). The following list briefly details only the mechanisms that are relevant
to this work.

B Reflection (telescope or AO mirrors, polarization compensators, etc.)
Interfaces - .
Transmission (telescope or AO mirrors , etc.)

Anisotropic | Dichroism (linear or circular polarizers)

Pure light-matter .
materials

interactions w/o
magnetic field

1

Natural (static retarders, stress in lenses, etc.)

Birefri .
Iretringence { Induced (variables retarders)

Scattering (solar and terrestrial atmosphere)

Polarigenesis
|

Hanle effect (solar atmosphere)
Magneto-optical | Zeeman effect (solar atmosphere)

L effects 7 Faraday rotation (solar atmosphere)

Faraday depolarization (solar atmosphere)

Figure 2.1. Processes that can generate or modify polarization. Some examples of their occur-
rence, in the context of solar spectropolarimetry, are given in parentheses.

1. Dichroism (a.k.a diattenuation), denotes the asymmetric absorption of the two or-
thogonal polarization states of the incoming beam. It is a consequence of the

10
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anisotropic electric properties of a material, and is commonly used to manufacture
polarizers. In particular, a partial linear polarizer has a high transmittance, k., of
the E component that is parallel to its optical axis; and a lower transmittance, kg,
of the orthogonal component. Denoting o = koo? + koge?, B = (kg-? — kope?)/ and
v = 2ko-kog- /a; the polarimetric action of a partial linear polarizer, with its optical
axis forming an angle 6 relative to the Stokes Q direction, can be characterized by
its Mueller matrix, M,,,,,;, as follows (del Toro Iniesta 2003)

1 Bcea Bsa
a|fer oty (=780
2 |Bs2 (1 =y)s2c2 527 +yer?

0 0 0

Mppol(g’ koo, k90°) = (2.14)

<R O OO

If koo = 1 and kgp- = 0, M,,,,,; reduces to the case of an ideal linear polarizer with
Mueller matrix M,,,;, given by

1 Cy 52 0

_ 1 C C22 §2C> 0
Mpol(e) - E S5 $7Co S22 ol (215)

0 0 0 0

Note that, a perfect linear polarizer produces a linearly polarized output beam for
any value of the input Stokes vector, i.e. v # 0 and the last row of M, is null. The
same device can also be used as a linear polarization analyzer, i.e. its h produces
an output Stokes /, that is sensitive to the values of Stokes Q and U of the input
beam (see Sect. 2.2.1).

. Birefringence is a consequence of the anisotropic electric response (refractive in-
dex) of a given material, i.e. the dielectric tensor written in the principal frame of
reference, is a 3 X 3 diagonal matrix with different diagonal elements. If only two
out of the three principal refractive indexes of the dielectric tensor are equal, the
material is called uniaxial. Disc-shaped optical components made of uniaxial ma-
terials, are typically characterized by the position angle of its optical axis () and a
retardance (0) given by
(n, — n,)thick
1 )
where thick is the geometrical thickness of the disc; n, and n, are the ordinary (cor-
responding to the two directions perpendicular to the optical axis) and extraordinary
(corresponding to the direction of the optical axis) refractive indexes respectively;
and A is the wavelength of the wave in vacuum (del Toro Iniesta 2003, Ch. 4). When
light hits normally such a device, the component of the E that is perpendicular to
the optical axis experiences a phase lag with respect to the component parallel to it
given by 6, modifying in this way the polarization state of the beam.

§=2n (2.16)

Birefringence can be natural or induced, and is commonly exploited to manufac-
ture retarders. Natural birefringence appears in materials that are formed by non-
isotropic crystals, such as Calcite, LINbO; (uniaxial) or mica (biaxial) (Goldstein
2003, Ch. 24). Birefringence may be induced or modified, i.e. the values of ¢ or
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12

6 can be changed using electric fields (as in an FLC or nematic LC) or pressure
waves (as in piezo-elastic crystals). Regardles of its kind, the polarimetric action of
a retarder can be characterized for a given ¢ and 6 using its Mueller matrix, M,.;,
given by (del Toro Iniesta 2003)

1 0 0 0
10 et +scos(6)  [1—cos(@)]saca  —s2sin(d)
M;.(6,6) = 0 [1-cos(®)]saca  $2°+ 2 cos(d) ¢, sin(d) (2.17)
0 s, sin(d) —s5 sin(0) cos(0)

If 6 = n/2, the retarder is called a quarter-wave plate (QWP). Analogously, if
0 = m, the retarder is called a half-wave plate (HWP). Note that, a linear retarder
does not modify the polarization degree of a beam, i.e. v = h = 0, it only introduces
a rotation of the incoming p, i.e. the matrix R is a R rotation matrix.

. Scattering polarization is produced when an incident, anisotropic radiation field is

scattered by matter (Goldstein 2003, Ch. 20). The phenomenon can be understood
in terms of classical electrodynamics by assuming that the scattering material is
composed of elemental electric dipoles (representing e.g. the electrons, atomic
nuclei, molecules, etc.) that are excited by the incoming transversal waves, and
reradiate only in directions perpendicular to their longitudinal axes. For the case of
Thomson and Rayleigh scattering, the polarization state of the beam scattered at an
angle 6 relative to the propagation direction of the incoming beam, can be obtained
using the Mueller matrix of the process (Goldstein 2003, Ch. 20)

1 + cos?(6) sin’(0) 0 0
sin?(6) 1 + cos(0) 0 0
Msca(g) = Ksca 0 0 2 COS(@) O ’ (2 1 8)
0 0 0 2 cos(0)

where Stokes Q is defined perpendicular to the plane of scattering and ., is a
constant independent of the wavelength of the incoming beam (1) for Thomson
scattering, or, a function proportional to 1/1* for Rayleigh scattering. Since the
polarizance vector of M., is not null, the scattering process acts as a polarizer,
i.e. the scattered light will be linearly polarized even for the case of unpolarized
incoming radiation. The polarization degree depends on the scattering angle, being
zero for forward (6 = 0°) and backwards (6 = 180°) scattering, and maximum for
6 =90°.

The Earth’s atmosphere is anisotropically illuminated by the distant Sun, as a conse-
quence, molecular Rayleigh scattering produces not only a blue —see the resulting
Stokes I parameter for an unpolarized input in Eq 2.18— but also a linearly polar-
ized sky. Fortunately the net sky polarization in the direction of the Sun (6 = 0°) is
very low and can be neglected when doing solar polarimetry from the ground.

Scattering polarization takes place also in the solar atmosphere due to the anisotropic
radiation field, i.e. the incident light has a preferred radial direction, giving rise to a
net linear polarization signal predominantly oriented parallel to the solar limb (see
e.g. Stenflo 2013). Since the scattering angle viewed by a distant observer tends
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to 90° towards the solar limb, the larger scattering polarization signals are found
there. However, even the largest signals are relatively small (~1073) due to the av-
eraged contribution of a wide range of scattering angles and other quantum effects
introduced by the scattering in bound-bound transitions of atoms (that deviate from
the dipole approximation given above, Stenflo 2013). A spectral atlas of Stokes Q/I
due to scattering polarization near the solar limb, presents a behavior that strongly
differs from the intensity solar spectrum. Therefore, it is usually refereed to as the
second solar spectrum (Stenflo and Keller 1997), see Fig. 2.2.
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Figure 2.2. Example of scattering polarization signals in the solar atmosphere. The upper panel
shows a portion of the normalized intensity spectrum recorded near the solar limb. The light is
also linearly polarized due to scattering in the solar atmosphere, as the Stokes Q/I measurements
presented in the lower panel exemplify. The spectral behavior of both signals is so different, that
the bottom case is usually referred to as the second solar spectrum. These measurements are
part of a full spectral atlas that covers the visible and UV ranges published by Gandorfer (2000,
2002, 2005).

4. Hanle effect. The presence of a magnetic field (B) modifies the scattering polariza-
tion process. This can be partially understood as a randomization of the elemental
dipoles orientations between the excitation and emission stages, that derives in the
reduction of the resulting net linear polarization. The Hanle effect —which may
also produce a rotation of the plane of polarization (Hanle 1924)— can be used to
probe the solar magnetic fields in certain spectral lines (Stenflo 1982).

5. The Zeeman effect refers to the splitting of the energy levels of an atom due to the
influence of an external B (see e.g. del Toro Iniesta 2003, Ch. 8 and references
therein) . An energy level with total angular momentum quantum number j, splits
in to (2j + 1) sub-levels, each with a different magnetic quantum number (). The
energy difference between the sub-levels is proportional to | B | and the magnetic
sensitivity of the level, the so called Landé factor. When light interacts with matter,
an absorption or emission spectral line is formed if the electrons of the constituent
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atoms change between two energy levels due to the absorption or emission of pho-
tons respectively. In the presence of a magnetic field, each of the two energy levels
involved will often split into many sub-levels, resulting in multiple possible transi-
tions. As a consequence, the original spectral line will be split into multiple lines
(Zeeman components) according to how many of the energy transitions are allowed,
i.e. fulfill angular momentum conservation as expressed by the selection rules of
m (Am = 0,£1), of j (Aj = £1), of the spin angular momentum quantum number
(As = 0) and of the orbital angular momentum quantum number (Al = 0, £1). The
different Zeeman components can be separated into three groups, the 7 components
which correspond to Am = 0 and therefore present no (net) shift, with respect to
the B = 0 case, and are linearly polarized; the o, components, which correspond
to Am = +1 and thus are shifted to the blue and elliptically polarized; and the o,
components, which correspond to Am = —1 and thus are shifted to the red and also
elliptically polarized, however with opposite ellipticity.

When treating the normal Zeeman effect, i.e. the triplet produced by the transitions
between energy levels with j = 0 and j = 1, the spectral splitting of the components
(AA,) is a function of the wavelength of the line (1) and the Landé factor of the
atomic transition (g), namely

Al = kg | B]. (2.19)

where k. = 4.67 x 10713 AG Eq. 2.19 can be used to estimate | B | if the
resulting A, is larger than the line width’. In addition, Eq. 2.19 can be used to
approximate the average displacement of the group of o-components with respect
to the line center in the anomalous Zeeman effect, if g is replaced by the so called
effective Landé factor (Reiners 2012).

As pointed out above, the Zeeman components are not only shifted in the spectrum
but also polarized. For the special case of B oriented perpendicular to the line of
sight (LOS), the resulting 7, o, and 0, components are linearly polarized (transver-
sal Zeeman effect). On the other hand, for the case of B parallel to the LOS, the
resulting o, and o, components are circularly polarized, while the 7 components
vanish (longitudinal Zeeman effect).

The detailed spectral behavior of the Zeeman polarization signals can be approxi-
mated for weak fields, i.e. where the resulting A4, is smaller than the line width, if
an homogeneous B —oriented with inclination angle y and azimuth angle y, mea-
sured with respect to the LOS and to the defined Stokes Q direction respectively—
and a static absorbing (or emitting) medium are assumed. The resulting Stokes vec-
tor for unpolarized incident radiation, can then be estimated using the well known

3This is generally the case for long optical wavelengths (if B is strong enough), because the (thermal)
Doppler broadening of the lines scales with A, while AA, scales with A%,
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weak field approximation (see e.g. Stenflo 2013)

I~ 19, (2.20)
2,4 ) 1

0~ g~ A" cos(2y) sin (y) | B | 6/12’ (2.21)
o 2 294 - ) ) 1

U= —k:g"A"sin(2y) sin"(y) | B | ﬁ’ (2.22)

V = —k,gA" cos(y) | B | EYR (2.23)

were 19 is the Stokes I parameter that would be produced if B = 0. While the
above-given approximations for Stokes / and V are generally valid, the expresions
for Q and U are restricted only to weak spectral lines (where no Zeeman saturation
is present). Note that, Stokes V is directly proportional to the longitudinal compo-
nent of B (Eq. 2.23). On the other hand, Stokes Q and U depend non-linearly on the
transversal component of B (Eq. 2.21 and 2.22). In the Sun, the Zeeman effect is
one of the most important sources of polarized radiation, and certainly the corner-
stone of remote, solar magnetometry techniques (see Sect. 2.1.3). Different from
the scattering or Hanle case, the Zeeman polarization signals can be relatively large
(up to ~40 %) in solar active regions, where B can reach few kG (see Fig. 2.3). On
the other hand, the Zeeman signals of spatially unresolved, longitudinal magnetic
fields of opposite polarities will tend to cancel out (something that does not occur
with Hanle signals), complicating the estimation of faint, small scale fields.
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Figure 2.3. Example of Zeeman polarization signals in a sunspot. The light from the solar scene
is passed trough a slit (vertical axis in the images) to eliminate one spatial dimension and replace
it with the spectral information (horizontal axis in the images) using a diffraction grating. The
strongest magnetic fields are located from 26 to 43 arcsec approximately, where also the largest
Zeeman broadening (see Stokes //I. ) and polarization signals (see Stokes Q/I and V/I) are
present. Note that, the spectral dependence of the polarization signals given by Eq. 2.21 and
2.23 are generally satisfied. The images where acquired with FSP.
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2.1.3 Solar spectropolarimetry

Solar spectropolarimetry refers to the measurement of the polarization state of solar light
as function of its wavelength. In general, the aim of these kind of measurements is the
quantification of different physical variables of interest in the Sun, particularly in its at-
mosphere. Many such variables, most notably the solar magnetic field, are of crucial
importance to understand the solar dynamics and the plethora of phenomena that arise
from the Sun and influence the whole solar system (see Ch. 1). Therefore solar spec-
tropolarimetry is a key resource to solar system sciences such as Solar physics, planetary
sciences and Earth climate.

The above-mentioned measurement and analysis procedure, usually denoted as atmo-
spheric diagnosis, is summarized by the sketch presented in Fig. 2.4, for the specific
case in which ground-based observations are employed. The light radiated from the base
of the solar photosphere® (assumed to be unpolarized) interacts with the material of the
solar atmosphere. For visible and infra red (IR) wavelengths, the majority of absorption
spectral lines are formed by interactions with the plasma of the photosphere and lower
chromosphere. Further absorption and emission spectral lines are also formed higher in
the chromosphere and in the corona, mostly in the ultra violet (UV) and shorter wave-
lengths.When radiation leaves the solar atmosphere, it carries information about the envi-
ronment, e.g. magnetic field, line of sight velocity of the plasma (v,), etc., in which the
spectral lines are formed. Such an information is imprinted in the polarization state of the
light and its spectral dependence (denoted with Stokes vector Sg), thanks to the Zeeman,
Doppler and Hanle effects among others (see Sect 2.1.2).

After traveling through the optically thin interplanetary medium, light reaches the
Earth’s atmosphere. There, atmospheric seeing aberrates the solar image, resulting in a
reduction of spatial resolution and other issues (see Sect. 2.3.1). The aberrated solar
scene, S, is then observed with a ground-based telescope, usually equipped with an AO
system to partially correct the seeing effects. The polarimeter receives light, S, at the
scientific focus of the telescope, that may differ from S,,; due to spurious instrumental
polarization. The first block of the polarimeter, performs a modulation in order to encode
the incoming polarization information in fluctuations of its output intensity (denoted as
I(S)). The intensities are then recorded by a scientific camera (denoted as I(S) ), after
previous selection of the desired spectral range by means of a wavelength discrimination
system, e.g. a filter or a spectrograph.

Once the raw data is acquired, a first set of basic reduction steps, e.g. demodulation,
are applied to retrieve the best possible estimation of S, S. Additional processing of the
data is also done to eliminate the telescope and AO polarimetric effects, and further reduce
the seeing aberrations, in order to recover S,. The estimated solar signal, S@, is used in
the last step to perform a spectropolarimetric inversion. The latter provides, through an
iterative model-fitting process, a quantitative estimation of the physical variables at the

The solar atmosphere is divided in four layers. The lowest, photosphere, a few hundred km thick layer
which defines the visible surface of the star, i.e. the effective temperature at the photosphere (~5778 K) is
equal to the temperature of a black body radiating the same total energy as the Sun. Above the photosphere
lies the chromosphere, which extends for some 2000 km and presents a small temperature increase (from
4000 to 7000 K approximately). In between the chromosphere and the 1 MK corona, there is a thin tran-
sition region that presents also an abrupt decrease in density (see e.g. Stix 2002, Ch. 4 and 9 for extra
details).

16



2.1 Introduction to solar spectropolarimetry
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Figure 2.4. Remote diagnosis of the solar atmosphere using ground-based, spectropolarimetric
measurements. The dashed lines mark the light path, while the dotted lines show the data flux.
The rectangular boxes represent different hardware and/or software systems that process light or
data. The polarimeter (central topic of this thesis) is composed by the polarization modulator
(Mod.), the scientific camera (Cam.) and the associated, basic data reduction procedures (all
denoted by boxes with thick borders). See the text for extra details.

solar atmosphere, e.g. B, v, etc.

As can be appreciated, the solar atmospheric diagnosis involves many subsystems and
processes, some of which are strongly model dependent. Therefore the term remote mea-
surement has to be used with care in this context (remote estimation is more adequate).
When the main variable of interest is the magnetic field, the above-described process is
usually denoted as solar magnetometry.

The solar spectropolarimeter is one of the key components required to acquire the data
used for the atmospheric diagnosis. In Fig 2.4, the spectropolarmieter is formed by the
combination of the polarimeter (boxes with thick borders) and the wavelength discrimi-
nator instrument (filter or spectrograph). The main focus of this work is the development
of a novel polarimeter, both the hardware and the necessary data reduction routines that
lead to a reliable detection of the incoming Stokes vector. Some points regarding the post
processing steps, such as image restoration, are also addressed.

2.1.4 Data requirements in high-resolution solar polarimetry

The quality of a solar spectropolarimetric measurement is usually quantified using four
numbers, namely, the spatial’ (Aa), spectral (A1) and temporal (At) resolution elements;
and the noise level in the normalized Stokes images, also called polarimetric sensitivity®.

7 A square spatial resolution element is assumed here, and in the rest of the thesis, unless the contrary is
explicitly specified.

8Note that, we do not mention accuracy, i.e. systematic deviations form the true value. The main reasons
for this are that accuracies in the ~1 % level are typically obtained, and that the normalized solar signals are
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The latter is equal to the noise to signal ratio (NS R) of the corresponding intensity images,
divided by the so called polarimetric efficiencies (see Sect. 2.2.1 for a definition), thus we
use the NSR in the following analysis. In addition, we consider here only polarimeters
that are able to measure the full Stokes vector.

Many open questions in modern solar physics impose challenging requirements on
the current and upcoming solar telescopes and spectropolarimeters (Kleint and Gandorfer
2015). Four examples of such questions that particularly push the instrumental limits are
summarized in the following list.

e Quantification of the horizontal component of the faint —with a mean strength of
~100 G— quiet Sun B of the photosphere. The latter is crucial to determine whether
the small-scale fields are more horizontal or vertical, or more importantly, if the
quiet Sun magnetic fields dominate the total magnetic flux of the Sun (Almeida and
Gonzaléz 2011).

e Quantification of the turbulent B. The limited spatial resolution of current obser-
vations, plus the cancellation effect of the Zeeman signals when the magnetic field
is randomly oriented, put the Hanle effect in an advantage point to diagnose small-
scale turbulent fields (possibly related to the quiet Sun fields of the previous point).
The latter requires the detection of the faint scattering polarization signals (see sect.
2.1.2) at small spatial scales (Trujillo Bueno et al. 2004).

e Quantification and structure of the faint chromospheric B. The fields at the chromo-
sphere are generally weaker, and the spectral line selection is more limited in terms
of Landé factors, than in the photosphere. The latter results in faint Zeeman signals
which also change faster due to the larger chromospheric sound speed (Kleint and
Gandorfer 2015).

e Polarimetry of fast events, such as flares, require spectropolarimeters that can per-
form full-Stokes measurements within a second (Kleint and Gandorfer 2015).

Clearly, not all the aforementioned examples (and other open questions not mentioned
here) impose the same specifications on the required spectropolarimetric data. However,
it is possible to define rough values for the instrumental requirements that characterize
most of the state-of-the-art (or under development), high-resolution, high-sensitivity solar
spectropolarimeteres. These are, Aag, ~ 0.2 arcsec, Adgpw ~ 20 mA and NS Rooar ~
107*. The definition of Af,,, is more case dependent, because it is strongly related to the
achievable NS R and Aaq, this is detailed below.

There are intrinsic trade-offs that arise from the data requirements specified above,
these are related to the fact that high-resolution imaging of dynamic solar signals is photon
starved (see e.g. Stenflo 1999). Let us consider the detection, at a given wavelength (Ay),
of a polarimetric feature that evolves only spatially on the solar surface with an angular
speed v; using a resolution element [A«, Af, AA] and aiming for a given NSR. In order
to avoid spatial smearing, the detection should be faster that the time the feature takes to
cross one spatial resolution element, i.e. the maximum measurement time is limited by

At < Aa/v. (2.24)

also small and quantified relative to the nearest unpolarized continuum portion of the spectrum. Thus, in
the absence of artifacts and assuming typical instrumental polarization (<5 %); the noise level becomes the
relevant quantity to determine the minimum detectable signal.
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Note that we have neglected any other phenomenon that may lead to a reduction of the
spatial resolution, most notably the atmospheric seeing (see Sect 2.3.1).

On the other hand, assuming the instrument is photon noise (N,) limited®, the mini-
mum time required to reach the desired NS R is related to the effective photon flux illumi-
nating the detector (®) by

At > 12/(NSR*®A?), (2.25)

where we have assumed, for simplicity, ideal polarimetric efficiencies for the modulator
(equal to 1/ V3, see Sect. 2.2.1), ideal quantum efficiency (QF) for the detector, and
that the image is critically sampled, i.e. the angular pixel size is half the angular spatial
resolution. An estimation of ®, given in terms of the solar spectral irradiance (I')!° and
telescope aperture (D), is

o = /<<DI“/I%ID2 photon s 'arcsec™?, (2.26)

where ko = 273.33 photonJ~! nm~! arcsec™2, and we have assumed a resolving power of

250000 (A1 = 20mA at Ay = 500 nm) and a total throughput of the system of 10 %.

Under the afore mentioned assumptions, Eq. 2.24 to 2.26, define a limit for the pos-
sible combinations of Aa and NS R that can be simultaneously satisfied, given a D and a
Ao, namely

12 1/2
v ) 2.27)

NSk =2 (K¢FﬂgD2Aa3
Fig. 2.5 shows plots of the minimum NS R, defined by Eq. 2.27, versus A« for different
D and Ay, using v = 10km s™! (which corresponds roughly to the sound speed in the solar
photosphere). The values for NS R, and Aa,,, are identified by a black circle. Let us
take as an example the case of D = 1.5m (the approximate value for the biggest solar
telescopes currently in operation) and 4o = 500 nm . Here, even when the diffraction limit
of the telescope allows resolving features of 0.2 arcsec, the spatial smearing due to evolu-
tion makes this only possible for a maximum integration time of 14.5 s. The latter in turn,
imposes NSR > 3 x 107, due to the photo collecting power of the considered aperture.
Therefore, the measurement regime defined by NSR,,, and Aa,,, can not be reached
with a 1.5 m telescope. Only an increase in D, e.g. to the 4 m of the largest solar telescope
to operate in the near future, can (barely) allow the acquisition of such a measurement.
We have to point out that the present analysis is based on the assumption that only a sin-
gle long exposure measurement is acquired, or equivalently, that many short-exposures
measurements are blindly accumulated in order to reduce NS R. Other techniques, e.g.
feature-tracking-based averaging, may be used to minimize spatial smearing due to the
signal evolution, i.e. to obtain a better dependence of NS R vs. At than that given by Eq.
2.25.

9This means that the dominant noise source in the images is the Poissonian shot noise —with mean
value (N,) and variance 0'p2 = (N,)— associated to the photo-electrons generation in the detector.
Tn the following example, we use the values of the ground spectral irradiance, with units of

Js'm?2nm™!, reported in http://rredc.nrel.gov/solar/spectra/am1.5/astmg173/astmg173.html
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Figure 2.5. Intrinsic trade-offs in high-resolution, solar spectropolarimetry. The minimum achiev-
able NS R imposed by solar evolution, i.e. Eq. 2.27, is plotted versus the angular resolution (Aa)
for four telescope apertures (numbers inside each group of three curves) and three wavelengths
(different line-styles, see legend). Each curve is cut at its corresponding diffraction-limited res-
olution. A representative value for the goal in state-of-the-art, high-resolution, high-sensitivity,
solar spectropolarimetry is also given for comparison (black circle with coordinates 1 x 10~
and 0.2 arcsec). The assumed transversal speed of the signal on the solar surface (v), spectral
resolving power and total throughput of the system, are annotated in the plot.

2.2 Solar polarimeters

2.2.1 Measurement technique

Since optical detectors are only sensitive to the light intensity, any polarization measure-
ment at this wavelengths requires the encoding, or modulation, of the polarization infor-
mation in to intensity. This defines the two basic components of a Stokes polarimeter'!,
namely the polarization modulator and the scientific camera (see Fig. 2.4). Moreover, it
also implies that more than one intensity measurement is required to measure the polar-
ization state of a beam.

Performing the polarization modulation involves the usage of analyzers, i.e. a device
with a Mueller matrix that has a non-null diattenuation vector (h). The measured intensity
(I) at the output of an analyzer, illuminated by a beam with polarization state S, is given
by (see Eq. 2.8 and 2.10)

I(u) = Moo[1,h" ()]S, (2.28)

where we have made explicit that h changes with respect to the independent variables of

'There is a difference between Stokes polarimetry, i.e. the measurement of the S of a beam, and Mueller
matrix polarimetry, i.e. the measurement of the M of a given material or process.
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the modulation (u), and so does the measured /. To obtain an analyzer that has an output
intensity sensitive to the four Stokes parameters of the input, one or many retarders (see
Eq. 2.17) followed by a linear polarizer (see Eq. 2.14) need to be used, i.e. the analyzer
has M, = M, 501(0ret )Mt (6,01, 0) Tor the case of a single retarder. As a consequence, the
basic variables that can be modified in order to change h(u), and produce the modulation,
are the retardances (0) and the position angles (6,., and 6,,,).

In general, h will be restricted to a finite set of discrete values, the so called modulation
states, defined at different u, i.e. u € {up,uy,...,uy, ,}. In this case, a full polarimetric
measurement requires the synchronous acquisition of N, intensity measurements, one
per each modulation state, that can be collected in a vector I=1(i,1,..,1 Npoa—11> glVEn
by

i=o0s, (2.29)
where the modulation matrix (0) is
1 h;(uo)
o-|' M (2.30)

1 h'(ay,,, 1)

and we have assumed that S does not change with u, and that M,y = 1 because its value
does not affect the measured p.

In order to solve the linear system given by Eq. 2.29 and retrieve the full S, at least
four independent measurements are needed (N,,,; = 4). Such a solution can be expressed
as

S = Di, (2.31)

where, ideally, the demodulation matrix (D) is given by D = O~' and is exactly known.
In practice this is not the case due to imperfect calibration and noise among others, that is
the reason to differentiate between the measured Stokes vector, S, and the true S.

Error propagation in Eq. 2.31, leads to the definition of the useful polarimetric ef-
ficiencies vector (€); which has elements ¢;, that are related to the elements of D, D, j,
through (Collados 1999)

o 1 0/ VNooa
i — - ’
N, 1—1 2 g
\/Nmod Zj:(()ﬂ Di,j '

(2.32)

where i € {0, 1,2, 3}, o is the uncertainty in the measured | (assuming the same value for
all its components) and o; is the uncertainty in the measured $;. Note that, the € defined
above quantifies how the noise obtained by simply averaging the N,,,; measurements,
0/ \VN,0q, compares to the noise in the retrieved Stokes parameter, o;. The latter allows
the comparison of the noise properties in different modulation schemes, i.e. systems with
different N,,,,. The total polarimetric efficiency is defined as,

€oral = € + € + €5 (2.33)
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The relevant quantities when doing solar polarimetry, are the uncertainties in the nor-
malized Stokes parameters, these are given by

S Y (1 V (1 V
0'?/0 = (—A—;UO) + (A—O'l) ~ (A—O'l) , (234)
S, So So

where the approximation was done assuming S;/S, << 1, as is the case for many solar
targets (see Sect. 2.1.2). Replacing Eq. 2.32 in 2.34, we get that o is given by the NSR
in the averaged N, elements of I, (f), scaled by the polarimetric efficiency

1 O'NIO'/VNmod

T 235
€; VNmodSO € <[> ( )

i ~

where we have used the fact that, for the weakly polarized scene assumed, S 0= (f ).
An ideal analyzer has | h(u) |= 1. Any given modulation scheme that uses ideal
components would reach a maximum €;4,.,; that satisfies,

_ 2 2 2 _
€ideat0 = 1 and \/ €ideats T €ideat2 t €Cigears = 1+ (2.36)
Or, equivalently, it has an associated polarimetric efficiencies matrix,
A=070, (2.37)

that is diagonal, with the main diagonal equal to N,,,4€is.a; (del Toro Iniesta and Colla-
dos 2000). Note that, Eq. 2.36 implies that the efficiencies of an ideal and balanced
modulator, 1.e. with equal efficiencies in Stokes Q, U and V, are

1 1 1
== = = 2.38
bl [ V3 V3 «5] (2:39)

Ideal modulators can not be achieved in practice, because the analyzer elements are
not perfect retarders and polarizers. In this case, Eq. 2.36 does not hold and matrix A is
not diagonal. The latter gives a general guide to design efficient modulators, namely, the
more diagonal the matrix A is, the closer is the system to its ideal behavior.

Finally, the definition of € given in Eq. 2.32, allows responding to the question of what
is the best D to use in Eq. 2.31 when N,,,; > 4, and thus the system given by Eq. 2.29
becomes overdetermined. If the maximization of the resulting € is the driving criterion,
then D has to fulfill (del Toro Iniesta and Collados 2000)

D = (070)'0" = AO’. (2.39)
Of particular interest is the fact that, computing D using Eq. 2.39, is equivalent to its
derivation using the singular value decomposition (SVD) method (see e.g. Press et al.

2007b, Ch. 2.6) to find the pseudo-inverse of O (Collados 1999). This is because SVD
minimizes the sum of the squared coefficients of D and thus maximizes the e.
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2.2.2 Polarization modulators

Depending on which are the independent variables used to modulate the output intensity
of the polarization analyzer, different instrumental concepts can be envisioned (see e.g.
del Toro Iniesta 2003, Ch. 4). The list below describes the main modulation techniques
employed in solar polarimeters, including the technologies used to implement them.

1. Temporal modulation: In this case u = ¢ (see Eq. 2.28), thus the different intensity
measurements are acquired at different instants of time. If the time interval between
consecutive intensity measurements is 1/(f,0¢Vmoa), then we call f,,,, the modula-
tion frequency. The temporal modulation can be implemented using the following
devices.

(a)

(b)

Rotating retarder: 1f the retarder of the analyzer is motorized, it can be rotated
at a fixed angular speed, say w. This produces a linear variation of the posi-
tion angle of its optical axis with time, i.e. 6,,(f) = wt, and thus a temporal
modulation of the analyzer diattenuation vector. Rotating retarders have been
widely used in the first generations of ground-based, imaging polarimeters.
However, moving parts restrict the maximum f,,,, and, in combination with
misalignments, produce image wobbling that can severely harm spatial reso-
lution (Stenflo 1994, Ch. 13). The are, however, some techniques to reduce
wobbling that had lead to rotating-retarder polarimeters that can achieve high
spatial resolution, e.g. Lites et al. (2013).

Electro-optical retarder: These are devices with induced birefringence (see
Sect. 2.1.2) that allow a controlled modification of their ¢ or 6,,, by the appli-
cation of an external electric field (del Toro Iniesta 2003, Ch. 4). The most
commonly used for solar polarimetry are:

e Piezo-elastic modulators (PEMs, Stenflo and Povel 1985) are made of a
piece of glass in which a standing acoustic wave is established, by means
of an electro-acoustic transducer, at the resonance frequency (~50kHz)
of the glass plate. This produces a continuous temporal modulation of the
o at the same frequency, while keeping the 6,., fixed. They can be used
in the vacuum UV and IR (Stenflo 1994, Ch. 13). A full-Stokes, PEM-
based modulator, which requires the synchronization of two PEMs, has
not been achieved in practice due to frequency stability issues, see e.g.
Gandorfer (1999).

e Nematic liquid crystals can be confined in a thin layer between two glass
plates to form a variable retarder. The application of an external voltage
modifies the aspect ration of the individual birefringent crystals (see Sect.
2.1.2) allowing for slow (f,.« = 20Hz), continuous modulation of the
device ¢ (del Toro Iniesta 2003, Ch.). Crystal-based devices whose d can
be controlled, such as nematic liquid crystals, are usually called liquid
crystal variable retarders (LCVRs).

e Ferro-electric liquid crystals can also be contained in thin layers to pro-
duce variable retarders. Here the external filed imposed produces the re-
orientation of the uniaxial birefringent crystals, which modifies 6,,, of the
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device between two positions, that differ ®~45° from each other (were
® is called the FLC switching angle). ¢ is controlled by the thickness of
the layer (~2 um), which can be tuned to produce a half-wave plate at a
given central wavelength, 1, (Gandorfer 1999). Two FLCs can be used
in combination with two static retarders (SRs) to efficiently modulate the
full Stokes vector up to f,,,s & 1kHz, in the visible portion of the spec-
trum (from 400 to 700 nm approximately, see Gandorfer 1999). Such a
design has been adopted in many current solar polarimeters.

The wavelength dependence of ¢ in FLCs is considerable, and has been
studied by Gisler et al. (2003). They proposed the following model for
the dispersion law of birefringence, at a given temperature and expressed
in fractions of A4

c\1 C
o) = (50/10 - /1—(2)) Z + ?, (2.40)
where C is the dispersion constant and ¢y is the retardance value at the
central wavelength, 4y, e.g. equal to 0.5 and 0.25 for ideal half-wave and
quarter-wave plates respectively.
Both 6 and ©® are temperature (7') dependent in FLCs. The latter is the

stronger effect and can be modeled by (Gisler et al. 2003)

OT)=Cn\Cp, T, (2.41)

where Cr; and Cr, are two constants.

2. Spatial modulation: In this case u = x (see Eq. 2.28), therefore the different inten-
sity measurements are acquired simultaneously at different positions. This type of
modulators can be implemented by means of the following two devices.

(a)

(b)

Birefringent plate: If a block of birefringent material is cut in such a way
that its optical axis forms an oblique angle with respect to an incident beam,
it will produce a separation of such a beam in one ordinary and one extraor-
dinary component (see Sect. 2.1.2). While the ordinary ray is not deviated
from the incident direction, the extraordinary is refracted at an oblique angle.
The latter leads to the formation of two rays at the output of the block (del
Toro Iniesta 2003, Ch. 4). The two most commonly used devices are the
Savart plate, where two birefringent plates are properly placed to separate the
incoming beam into two output rays that experience the same phase lag and
have parallel propagation directions; and the Wollaston plate were the output
beams have different output angles. The polarimetric action of both devices
can be modeled by two Mueller matrices, one per output ray, that correspond
to two linear polarizers with orthogonal optical axes (antiparallel h and v).
Therefore, they form spatial modulators, that can be used to illuminate differ-
ent sections of a single detector simultaneously due to the small separation of
the output beams. The Savart plate is used close to the detector (focal plane)
while the Wollaston plate is used in collimated setups (close to a pupil).

Polarizing beam splitter: Discrete spatial modulation can also be achieved
with a block of birefringent material, that has been cut diagonally and stuck
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back using a special cement. The refractive index of the cement produces total
reflexion of the ordinary beam that is deviated orthogonally from the incident
direction. The extraordinary beam is refracted in the diagonal interface con-
tinuing its propagation with unaffected direction. The polarimetric action of
such a beam splitter is modeled by two Mueller matrices, one for each output
ray, that correspond to two linear polarizers with orthogonal optical axes (an-
tiparallel h and v). The polarizing beam splitter can be used together with two
detectors, or a single detector plus the appropriate optics, to record simultane-
ously two orthogonal polarization states.

3. Spatio-temporal modulation: A combination of temporal and spatial modulation is
applied in the dual beam and beam exchange techniques.

(a) Dual beam: In this common scheme (Lites 1987, Collados 1999), a tempo-
ral modulator is followed by a double birefringent plate or a polarizing beam
splitter. Two simultaneous measurements with orthogonal polarization are ac-
quired for every state of the temporal modulator (using either two cameras or
two parts of the same sensor). After the appropriate combination of the simul-
taneous measurements, the SIC can be reduced provided that beam imbalances
are controlled (see Sect. 2.3.2).

(b) Beam exchange: Same as the dual beam, except that, an extra measurement is
acquired after exchanging the beams that reach the two cameras.This reduces
the effects of beam imbalances with respect to the dual beam technique (see
Sect. 2.3.2). For example, Bianda et al. (1998) use a manually-rotated half-
wave plate in combination with a polarizing beam splitter to implement the
beam exchange. They simultaneously image Stokes /+Q and /-Q on different
sections of a single sensor. After this first exposure, they manually rotate
the retarder to switch the polarization states of the output beams and expose
again. Similar implementations can be done using electro-optical retarders
such as FLCs in order to increase the temporal modulation frequency.

2.2.3 Wavelength discrimination

Most of the physical phenomena that modify the polarization of light are strongly wave-
length dependent (see Sect. 2.1.2). In particular, accurate measurements of solar Zeeman
or scattering polarization signals, require resolving spectral features that are much nar-
rower than the width of a single absorption or emission line, i.e. <1 A Asa consequence,
the device used for wavelength discrimination along with the polarimeter (see Fig. 2.4) is
of paramount importance.

There are three solutions developed to solve the fundamental problem of imaging the
two spatial plus one spectral dimensions in to a bi-dimensional intensity detector. The
main difference between them is what dimensions are simultaneously imaged, and which
are multiplexed in time. This affects the properties of the resulting data, i.e. simultane-
ity, resolution, field of view (FOV) and spectral range. Any of the three approaches can
be combined with a temporally or spatially modulated polarimeter to form a spectropo-
larimeter. In the former case, the simultaneity in the dimension that is time-multiplexed

25



2 Background

is diminished, due to the time the polarimeter takes to acquire all the modulation states.
For this and other reasons, some of the requirements for wavelength discriminators are
generally stricter if they are used for spectropolarimetry than those used for simple spec-
troscopy, e.g. duty cycle. Further details on each of the three solutions, as they are
implemented in solar spectropolarimeters, are given below.

1. Spectrograph + slit based scanner: In this case the spectral dimension, including
one or more spectral lines, plus one of the spatial dimensions are simultaneously
imaged on the detector. Thus the remaining spatial dimension is multiplexed in
time. This is typically accomplished by first selecting an unidimensional region
from the FOV using a slit'?. The light from the slit is then fed to a spectrograph in
order to produce an image containing the spectral plus spatial information along the
slit. To acquire the remaining spatial information, the slit is moved in discrete steps
to scan the FOV (see e.g. Beck et al. 2005a and Sankarasubramanian et al. 2004 for
two solar applications). Solar spectrograph-based systems are usually built using
echelle diffraction gratings '* and have high resolving power (up to 800 000, Ken-
tischer et al. 1998). On the other hand, the resulting data is not spatially coherent. It
follows that moving or extended signals may not be properly sampled, that the re-
sulting spatial resolution is usually worse than with the other approaches (due to the
limited accuracy of the scanning system) and that each slit exposure is affected by
a different realization of the atmospheric seeing (see Sect. 2.3.1). The latter greatly
complicates any post-facto restoration of the acquired images (see Sect. 2.3.3).

2. Tunable filtergraph: Using a tunable filter, both spatial dimensions can be simulta-
neously imaged on the detector. In order to obtain the spectral information, the filter
has to be successively re-tuned in discrete wavelength steps. Generally less than 20
points are recorded per spectral line (Kentischer et al. 1998). For that reason, the
detection of spectrally complex signals is commonly done with spectrograph-based
systems. On the other hand, the spatial coherence of the data acquired with a fil-
tergraph allows a better study of moving solar signals that are spatially extended,
as well as allowing the application of post-facto image restoration to improve the
spatial resolution in ground-based observatories. The most common tunable fil-
ters used in high-resolution spectropolarimeters use one or multiple Fabry-Pérot
etalons'* (e.g. Bello Gonzélez and Kneer 2008 and Martinez Pillet et al. 2011) be-
cause they can be tuned in a short time (<1 s, Kentischer et al. 1998) and provide

12The slit thickness corresponds typically to the diffraction limit of the telescope.

3A diffraction grating is a dispersive element that features a periodic (with spacing d) distribution of N
thin grooves. The achievable resolving power of the grating is given by Nm, were m is the interference
order. Analogously, the angle of dispersion for a wavelength 4y and normal incidence, is arcsin(mAdy/d).
Therefore, observing at high orders is desirable, however, only a fraction of the incoming light is put in any
given order. To solve this issue, and allow spectroscopy of faint sources, an echelle grating has specially
shaped grooves that ensure that most of the incoming light is output to a given high (e.g. 1000) order (Born
and Wolf 1999, Ch. 8).

14 A Fabry-Pérot etalon is a resonant cavity formed by two highly parallel (1/200) reflecting surfaces. The
transmission spectrum presents periodic resonance peaks every Adggg, the so called free spectral range. The
full-width at half maximum (AAgwgyy) is related to the reflectivity (ref) by Adpwgpy /Adpsg = T \/W /(11—
ref), i.e. the higher the ref, the better the finesse or separation of the transmission peaks. The location of the
peaks can be changed by re-tunning the etalon, i.e. modifying the separation between the reflective surfaces
using piezoelectric actuators. Errors in the cavity thickness produce random shifts of the transmission
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2.2 Solar polarimeters

high transmission and spectral resolution. The etalons cavity is usually filled with
air or LINbO;5. In order to keep a stable transmission profile, the surfaces of each
etalon have to remain parallel and the refractive index in the interior of the cavity
has to be constant (only relevant for LiNbO3). To ensure this, each etalon is lo-
cated in a sealed cell and a closed-loop system is adopted to control the surfaces
separation, and allow accurate tuning (Cavallini 2006).

3. Integral field solutions: In this approach all the three dimensions are simultane-
ously imaged on a single detector at the expense of a reduced FOV or spectral
range (given a sampling and detector size). This can be accomplished by dividing
the FOV using many optical fibers and then feed them to one or many slit-based
spectrographs, by re-imaging the 'OV using an array of micro-lenses to shrink the
pixels and then feed them to a single spectrograph, or by using an image slicer to
separate the FOV in slices and then feed a spectrograph. The above-mentioned
approaches are currently under development and have not been fully tested in solar
applications (Kleint and Gandorfer 2015).

2.2.4 Scientific cameras

The intensity at the output of the polarization modulator package, after being filtered by
the wavelength discriminator, is synchronously detected using a scientific digital camera
(see Fig. 2.4 and Sect. 2.2.1). A scientific camera differs form other kind of cameras in
its specifications, which tend to be more strict and push the state-of-the-art in design and
manufacturing processes. The main goal of the camera is to reliably quantify the number
of photons that hit the detector during the exposure time. To do so, the camera has two
main components, namely, the image sensor and its associated front-end electronics (see
Fig. 2.6). The main task of the image sensor is the generation of an analog output voltage
that is a function of the number of detected photons. Meanwhile, the front-end electron-
ics takes care of the generation of all the signals required for the sensor operation, and to
process its output. This includes the supply voltages (implemented by dedicated supply
circuitry), ensuring stability and noise isolation; the amplification and/or digitalization
of the sensor output via analog to digital converters (ADCs); and the generation of the
clocking and control signals to operate the sensor, ADCs and supply circuit. The latter is
the task of the digital control electronics, which can be implemented via ASIC, FPGA,
microcontroller or microprocessor-based systems. Each of these alternatives presents dif-
ferent pros and cons in design time, cost, flexibility and performance. The architecture
presented in Fig. 2.6 is by no means strict, e.g. many components of the front-end elec-
tronics can be implemented monolithically in the sensor (specially in CMOS devices).
Additionally, some cameras may require extra or fewer components to operate.

The two main sensor technologies used in digital cameras are CMOS (see e.g. Hoff-
man et al. 2005, Bigas et al. 2006, and references therein) and CCD (see e.g. Janesick
2001, Howell 2006, and references therein). There is a plethora of different implementa-
tions and subtypes of both CCD and CMOS, that can be found in the extensive literature

profiles across the FOV when the etalon is used in a telecentric setup (close to focus). The latter is not
present in a collimated setup (close to a pupil), however, a radial blue shift of the transmission peaks across
the FOV appears in this case (Feller 2007).
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Figure 2.6. Basic architecture of a scientific camera. The two main components are the image
sensor and the front end electronics which provides all the required supply and clocking signals
as well as the data flow control. Adapted from Piqueras (2013).

available on these topics. Thus, the following explanation intends only to illustrate the
fundamental working principles. Both types of sensors perform the same three basic
steps: charge generation via the photoelectric effect, charge accumulation during the ex-
posure time and charge to voltage conversion using a capacitance. The main difference
between both approaches, is how and where each of this steps takes place in the detector

(Fig. 2.7).
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Figure 2.7. Comparison between CMOS and CCD image sensors. The two sketches show con-
ceptual diagrams for the fundamental steps performed by the CMOS (top) and CCD (bottom)
approaches. Adapted from Hoffman et al. (2005), Piqueras (2013) and Janesick (2001).
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CMOS sensors perform the charge generation, collection and conversion to voltage
within a single pixel. Further signal processing steps, such as amplification or multi-
sampling'>, can be also embedded to produce an active pixel structure. The voltages of the
matrix are then read by multiplexing each pixel to common buffers, which are terminated
in amplifiers. The detailed addressing process, number of buffers and amplifiers, depends
on the specific sensor design. Further stages, used to implement CDS and to allocate the
ADCs, can be optionally placed at the sensor level.

On the other hand, CCDs perform only the charge generation and accumulation steps
on the pixel level. As a consequence, the charges need to be transfered row-wise, using the
shift-register structure of the sensor, after every exposure. At the end of the columns, the
charges are typically loaded in a transversal register that shifts them towards the readout
node —where the charge to voltage conversion and amplification occur— one pixel at a
time. Multiple transversal registers and/or output channels are also commonly used to
increase the readout speed.

Before performing any comparison between the performances of the CCD and CMOS
technologies; let us collect and define in Table 2.1, the camera characteristics and perfor-
mance specifications that will be used during the rest of this thesis.

The spectral range of the QF in CCDs is mostly limited to that of silicon', i.e. typ-
ically from 300 to 1100 nm plus the x-rays, provided that proper anti-reflective coatings
are applied. CMOS devices can have an extended working rage due to the possibility of
using a non-silicon layer as photosensitive material, connected —usually using iridium or
indium bumps— to a silicon layer where the readout integrated circuitry of each pixel is
located. Such an hybrid CMOS can be sensitive up to 10 um (Hoffman et al. 2005).

If the sensor is front illuminated, the gate structure, electrodes and other circuitry (in
CMOS) present there, reduce the F'F. The spectral response is also limited in this case,
mainly because short wavelengths (<400 nm) are strongly absorbed an reflected by the
poly-silicon gate structure (Janesick 2001, Sect 1.2.2.1). To increase the UV response,
the gate can be coated with a phosphor (that re-radiates at longer wavelengths) or a back
illuminated sensor can be employed. The latter option is very efficient because in addition
a 100 % FF can be reached. However, back illumination requires thinning the sensor
substrate (to allow the photons reaching the collecting area near the gate) and a more
complicated manufacturing process (Janesick 2001, Sect. 1.1.2).

The literature is full of good comparisons between the properties of CMOS and CCD
technologies, e.g. Janesick et al. (2006, 2007), Magnan (2003). Some of the most im-
portant differences between the two technologies are summarized in Table 2.2. We have
highlighted using italics the sensor properties that are more relevant to ground-based so-
lar polarimetry. These will be discussed in detail in the following chapters, particularly

15 Fixed pattern noise (FPN) —mostly due to dark current non-uniformity (DCNU, see Table 2.1)— is
one of the main disadvantages in CMOS devices; because of the manufacturing-induced differences in the
circuitry of each pixel. An effective way to reduce FPN and reset noise (due to the k7'C noise of the sense
capacitance and reset pulse feed-through) in CMOS and CCD sensors, is sampling the pixel signal multiple
times during the readout. One of the simplest way to do the latter is correlated double sampling (CDS),
here the sensing node is sampled twice. A first time after the reset and the second time after the exposure is
finished. The two samples are then subtracted to eliminate low frequency noise and any offset, producing
essentially a band-pass effect (Hoffman et al. 2005, Janesick 2001).

16Some CCDs have been produced using Germanium, they have an extended spectral response up to
1.6 um. However, they present other issues like large dark currents (Janesick 2001, Sect. 1.2.2.1).
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Parameter

Symbol

Unit

Definition and responsible components or processes

Sensor area
Pixel area

Frame rate

Duty cycle

ADC resolution

Sensitivity

Non-linearity

Full well charge

Conversion gain

Dark current

Dark current
non-uniformity

Photon response
non-uniformity

Read out noise
rms value

Quantization
noise rms value

Dark noise rms
value

N, col X N row

A pixel

FR

DC

Nadc
QE X FF

NL

FwC

iq

DCNU

PRNU

0-7'()

T adc

04

pixel?
pm

fps ; Hz

%

bit

%

%

%

e rms

e rms

e rms

The sensor area and aspect ratio are defined during the
design stage.

The total area occupied by each pixel is defined during
the design stage.

Number of frames that can be read out per second. It
is influenced by the readout electronics, ADCs and the
charge transfer speed (in CCDs).

Equal to the product of the frame rate and the exposure
time. It is affected by the readout electronics and shutter
strategy.

Length of the ADC word.

The filling factor (F'F, ratio of the photosensitive to the
total area of the pixel) is mainly influenced by the designs
of the pixel (gate size, extra circuitry, etc.) and sensor
(back or front illuminated, routing, etc.). The QF (frac-
tion of incident photons that produce photo-electrons) is
given by the photosensitive material and anti-reflective
coating among others.

Quantifies how much the sensor output deviates from a
linear function of the exposure time. Mainly influenced
by the pixel structure and readout electronics.

The amount of electrons that can be collected by a pixel
before it saturates, i.e. its output does not increase with
an increase of the exposure time. It is determined by the
pixel and sensor structure as well as the readout electron-
ics.

Number of digital counts produced per each photo-
electron. Mostly given by the sensing node capacity,
readout electronics and ADCs. Generally configurable.

Flux of thermal charges created in the sensor. The sensor
temperature, pixel size and material strongly influence its
value.

Pixel to pixel variations of the iy after calibration. Mainly
given by the manufacturing tolerances and readout cir-
cuitry. It is an additive noise source.

Pixel to pixel variations of the photon response (G, QF,
etc.) after calibration (multiplicative noise). Given by the
manufacturing tolerances and readout circuitry.

Noise in a zero-exposure frame. Given mostly by the
readout circuitry.

Quantization plus other noise sources introduced by the
ADCs. It is an important contributor to o,,. Given by
Ngq. and the ADCs circuitry.

Poissonian noise produced by ij.

Table 2.1. Basic camera characteristics and performance specifications. The last column gives
a short definition and a summary of the main responsible components or processes for each
feature. See e.g. Janesick (2001) for more detailed definitions.
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2.2 Solar polarimeters

in Sect. 3.1.1 and Ch. 5. Note that, CCDs tend to perform typically better in the sensor
properties that are determinant for low-light scientific imaging (such as high-resolution,

solar spectropolarimetry).

Property CCD CMOS

Noise'V  Typically lower due to the low Higher, e.g. the quality of the
dark current and readout noise. ~ readout circuits in each pixel

produce higher FPN and reset
noise.

Linearity  Better. Worse, due to the signal depen-
dence of the readout circuit gain.

Sensitivity Higher Lower.

Shutter Mechanical or electronic snap- Electronic snapshot or rolling
shot (frame transfer or interline). shutter.

Cost Higher Lower. Benefits from computer

CMOS industry.

Mass/size Higher. Lower. Monolithic integration
of much of the front-end elec-
tronics is possible.

Power Higher. Needs many, relatively Lower. Only a single CMOS

consump- high voltages for charge transfer- voltage is required.

tion ring.

Radiation Lower due to the creation of Higher because no charge trans-

tolerance  charge traps. fer is needed.

Heritage  Long heritage (since 1975) spe- Serious competitors since the
cially in the scientific commu- 90’s.  Very strong growth in
nity. recent years due to the push

of massive commercial applica-
tions.

Misc. No built-in signal processing. Only a single clock is needed.

May suffer form smearing, pixel
blooming and charge transfer in-
efficiency.

Random or selective readout is
possible.

! The root mean squared (rms) value of the total camera noise, o cuy, is equal to \/o .2 + 42

Table 2.2. Comparison of the main properties of CMOS and CCD sensors. The properties high-
lighted in italic are more critical for ground-based solar polarimetry.

The CMOS architecture has in principle many advantages with respect to the CCD
approach, e.g. built-in signal processing capabilities. However, CCDs have been superior
in overall still image quality, and thus the preferred option in many scientific applications,
since their first astronomical usages in the mid 70’s. Up to recently, the noise, sensitiv-
ity and dynamic range of state-of-the-art scientific CCDs, could not be simultaneously
achieved by CMOS sensors (Bigas et al. 2006). This is mainly due to the quality and
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size of the readout circuits that the CMOS manufacturing process can achieve within the
reduced space of a single pixel. Regardless of this, CMOS sensors have made their way
(since the early 90’s) into many commercial and scientific applications that benefit from
its advantages; most notably low power consumption and radiation tolerance (of particular
importance in space-based imaging systems, see e.g. Piqueras 2013).

In the last decade, the synergy between the manufacturing processes of CMOS sensors
and other massive commercial industries (personal computers, mobile devices, etc.) have
produced enormous improvements in some sensor parameters that are critical for scien-
tific applications (sensitivity and noise). Sometimes reaching and surpassing the most
demanding CCD benchmarks (Janesick et al. 2013). Nowadays the performance differ-
ence between the two technologies is narrow and is getting narrower every year. The
huge variety of sensors design, configurations and performances; make any weighing be-
tween the CCD and CMOS solutions strongly dependent on the application, manufacturer
availability and budget, even within the scientific imaging sector.

2.3 Polarimetric effects of atmospheric seeing and image
motion

The location of the solar observatory strongly influences the properties of the resulting
spectropolarimetric data. Space-based observatories can, among others, detect portions
of the spectrum absorbed by Earth’s atmosphere (such as the UV regime); observe the Sun
24 hours uninterruptedly (in some cases); and avoid the image aberrations introduced by
atmospheric seeing. On the other hand, they suffer from serious disadvantages including
high monetary cost, lack of flexibility to upgrade or repair the instruments, and usually
do not contain state-of-the-art technology by the time of launch (Kleint and Gandorfer
2015).

A particularly important difference between ground and space-based observatories,
is the available aperture size. As discussed in Sect. 2.1.4, the collecting power of the
telescope presents a fundamental limitation to the simultaneous angular resolution and
S NR that can be achieved when imaging a dynamic solar signal (see Fig. 2.5). In this
respect, the larger apertures of ground-based telescopes (currently 1.6 m versus the 0.5 m
in space) provide them with an advantage position. Such a difference will be even more
prominent in the near future, when the 4 m DKIST telescope under construction in Hawaii
(e.g. Elmore et al. 2014) sees first light. In order to fully exploit the high S NR and spatial
resolution achievable by such large apertures, new instrumental techniques —that further
reduce the image aberrations and polarimetric effects introduced by atmospheric seeing—
are required.

2.3.1 Description of atmospheric seeing and image motion

If an initially plane monochromatic wave propagates downwards through an atmospheric
layer of thickness Ah, located at an altitude A, it will experience a complex disturbance
(U) —i.e. each component of the incoming E is multiplied by U'"— given by (e.g. Saha

"Note that, the seeing disturbance do not contemplate variations of the amplitude. For polarimetry this
is not an issue because (a) the air attenuation is small, (b) the portion of the sky covered by the FOV is small
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2007, Sect. 5.3.1) |
Ur, t) = °®), (2.42)

were the phase shifts (9) are

T h()+Ah
6(r1) = = f n(r, t, hdh, (2.43)
hy

0

n denotes the refractive index, ¢ the time and r the bi-dimensional position vector on
the plane of the considered layer. The random fluctuations of n induce the same kind
of variations in ¢, which in turn aberrates (deforms) the wavefront that would reach any
ground-based telescope. The consequent reduction in image quality is called seeing (see
e.g. Saha 2007, Ch. 5).

The detailed process of image degradation by seeing is complicated and its descrip-
tion out of the scope of this thesis. However, two aspects are critical to ground-based
polarimetry and in particular to the FSP project. Firstly, the instrumental requirements
needed to reduce seeing induced spurious signals (see Sect. 3.1), are based on the tempo-
ral behavior of . Secondly, many image restoration techniques, such as the MOMFBD
(see Sect 2.3.3), are based on a linear shift invariant model of the seeing degradation.
Because of these, we only describe below some basic concepts necessary to understand
how seeing is characterized, and what are the limitations and properties of the image
degradation model.

The random spatial and temporal fluctuations of n, are produced by the inhomo-
geneities of the temperature (dominant effect in solar observations), pressure and humidity
of the gases that compose the atmosphere. The source of the inhomogeneities are convec-
tion cells, wind shear and other hydrodynamic instabilities. The spatial dimensions of the
fluctuations span a wide range, from the outer scale of the turbulence (tens of meters) to
its inner scale (in the mm or cm level). The energy is transported towards the small scales,
by the successive breaking of larger structures into smaller eddies. This scale-invariant
process can be quantitatively described using the Kolmogorov turbulence theory.

Roddier (1981), based on the works of (Tatarski 1961) and others, combined the Kol-
mogorov theory with a plane-parallel atmosphere, composed of many independent thin
layers, to derive the spatial correlational properties of U at the telescope aperture. The
latter can be conveniently specified using the spatial coherence function of U, expressed
in terms of the Fried parameter (r(, Fried 1966), as follows (e.g. Saha 2007, Sect. 5.4.2)

(U(ro)U* (tp + 1)) = e 3:44rl/ror (2.44)

were * denotes the complex conjugate. The ry, a.k.a coherence length, is a measure of the
seeing quality and scales as
ro oc A3, (2.45)

Equation 2.44 can be used to derive the spatial power spectrum of 6, O, due to Kol-

mogorov turbulence,
D(k) = 0.023r0" | k [T, (2.46)

resulting in negligible spatial variations of the attenuation and (c) a fast variation of such a flat attenuation
would only produce a modification in the polarimetric offset (thus not affecting the signal value relative to
the continuum).
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where K is the spatial frequencies vector.

The temporal behavior of ¢, due to the contribution of many dynamic atmospheric
layers, is difficult to derive. A common approach due to Taylor (1938), is to consider a
single phase screen (with spatial properties given by Eq. 2.46), that is frozen and moves
at the local wind speed v. Then, the temporal statistics of the resulting ¢ at the ground,
are governed by the seeing coherence time (7y), which relates to ry through

mz%aﬁ@ (2.47)

The total imaging action of the seeing, can be reasonably modeled by a stochastic,
linear-space-invariant system. The space invariance only holds if the FOV is smaller
than the seeing isoplanatic patch, i.e. the circular area of the sky enclosed by the seeing
isoplanatic angle (¢y). The ¢, relates to r(y according to (e.g Saha 2007, Sect. 5.4.4)

o o 2 oc 15, (2.48)
ho

where A is the mean effective height of the turbulence layer. As a consequence, we can
write the image degradation process due to the action of both seeing and the telescope, in
the spatial Fourier domain, as follows

I(k’ t) = ?{atmﬂel(ka t)IO(k)’ (249)

were H ,miei(K, 1) 1s the instantaneous optical transfer function (OTF) of the seeing plus
telescope'®, and 7 (k, t) and 7 ,(K) are the spatial Fourier transform of Stokes I (images) at
the focus of the telescope and the Sun, respectively (refer to Fig 2.4). Note that the solar
scene is assumed to be constant for the present analysis.

The above-introduced statistical properties of the seeing, translate in to properties of
H yimrret(K, 1). According to the observing regime —defined by the telescope aperture (D)
and the exposure time (z,)— we can distinguish the following cases (all assuming a FOV
smaller than the isoplanatic patch, and a quasi-monochromatic observation):

1. D << ry: By definition, r( is equivalent to the maximum diameter of a circular
aperture that would be able to operate at the diffraction limit'®. Therefore, the
achievable spatial resolution in this case, is not limited by the seeing but by the
diffraction limit of the telescope, namely 1.224/D approximately. Typical values of
ro, for day time seeing in astronomical sites at 4 = 500 nm, can be in the order of
5 cm for very bad conditions and 30 cm for excellent conditions.

2. D >> ryandt, >> 1y: In this long exposure regime, the measured image (degraded
both by blurring and image motion) can be obtained by computing the average over
many independent seeing realizations in Eq. 2.49 (e.g. Saha 2007, Sect. 5.4.1), i.e.

LK, 1)) = (Hamsret(K, D)L o(K). (2.50)

181n the rest of this section we assume no AO is present in the beam
More precisely, the rms error of the wavefront, in a circular area of diameter ry at the ground, is
approximately 1 rad or /6.
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Roddier (1981) showed that
<7{atm+tel(k, t)) = 7—{az‘mle(k)q‘{z‘el(kx (25 1)

were H yme(K) is the long-exposure OTF of the seeing and H (k) the (constant)
telescope OTF. Moreover, he proved that H . (K) reduces to a Gaussian OTF
given by the Fourier transform of the complex disturbance coherence function (Eq.
2.44). Thus, the width of H ,,,..(K) only depends on the overall seeing conditions,
ro. Since D >> ry, the maximum achievable spatial resolution is seeing-limited to
1.221/ry approximately®, i.e. (H ymsser(K, 1)) = Humie(K). Note that if D << 7, as
in the first case, then (H mriei(K, 1)) = H,0(K).

3. D >> ryp and t, << 1¢: In this short exposure regime, image motion does not
contribute to the seeing-induced aberrations. The remaining degradation is usually
called image blurring. The measured image can be computed using a single real-
ization of H y1re1(K, 1) in Eq. 2.49 (frozen seeing condition). Since H yy1e/(K, 1) is
random, the seeing effect is studied on the energy spectral density of the measured
image, i.e. (Roddier 1981)

(20, 0) ) = | Hamria ks 1) P) | Zo(K) [P . (2.52)

Different from the long-exposure case, the short-exposure (| H ymsrei(K, 1) ) has no
simple analytical expression. This was studied by Korff (1973), who proved that
(| Hamrier(K, 1) |?) has an asymptotic behavior that extends to the high-frequencies
up to the diffraction limit of H,,(k). The latter, i.e. that seeing-aberrated, short-
exposure images retain the spatial information up to the diffraction limit, is the
base of the post-facto image restoration techniques. Korft (1973) also found that
the low-frequency part of (| Hmsei(K, 1) |*) corresponds to the long exposure
(H sim+re1(K, 1)) when an image motion compensator is used. Thus, image motion
is the main responsible of the contrast reduction in the low spatial frequencies of
long-exposure images. Moreover, the variance of the wavefront errors in radians
squared, reduces from 1.03 (D/ry)>? to 0.134 (D/ry)*? after complete tip-tilt cor-
rection (Judge et al. 2004).

As explained above, the ratio t,/7 is critical to the spatial resolution that large tele-
scopes (>50cm) can reach in the presence of seeing. It is also critical to the level of
spurious polarization signals introduced by the seeing (see Sect 2.3.2). Typically, 7, for
day-time seeing is 10 to 50 ms (Lofdahl et al. 2007). Unfortunately, modern solar spec-
tropolarimetry requires S NR values that can not be achieved with 7, << 50ms, in any
of the currently available solar telescopes. Note that the latter imposes a trade-off be-
tween S NR and spatial resolution that is in general more strict than the one imposed by
the mere evolution of the solar signal, i.e. Eq 2.27 (see also Fig. 2.5). To work with
longer ¢, and preserve the spatial resolution, either the seeing-induced aberrations have
to be compensated before the long-exposure image is acquired (path adopted by the AO
community); or many short-exposure images has to be acquired and the seeing-induced
aberrations removed post-facto before accumulating them (path adopted by the numeric
image restoration community).

20This is the reason to define the image degradation as the ratio D/ry.
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The temporal behavior of the seeing aberrations can be studied by decomposing the
aberrated wavefront, using a set of orthogonal base functions called the Zernike poly-
nomials (Roddier 1999). With each Zernike term corresponding to a different optical
aberration, the temporal properties of the seeing are quantified by the temporal power
spectrum of the different Zernike coefficients (Noll 1976, Hogge and Butts 1976).

The Zernike coefficients corresponding to the wavefront tilts, i.e. image motion at
the focal plane, strongly contribute to the image degradation and the polarimetric spuri-
ous signals (see case 3 above). The temporal power spectrum of image motion, has been
theoretically approximated (Noll 1976) and presents a decrease with the temporal fre-
quency (f), thatis o« £72/* and oc £~''/3 for low and high frequencies respectively (see e.g.
Saha 2007, Sect. 5.5.3). The cutoff or separation between low and high frequencies is>!
oc v/D because it determines the time a given low-altitude phase screen takes to cross the
aperture. The power spectrum of image motion has been measured in solar observations,
generally from the error signal of an image stabilization system (e.g. von der Luhe 1988,
Acton et al. 1992, Lites 1987). As an example, Fig. 2.8 shows the results reported in
Figure 1 of Judge et al. (2004), which include the effect of using an AO system to correct
the tip-tilt terms.

Instrumental image motion (a.k.a image jitter) has the same effects on image resolu-
tion and polarimetry as seeing-induced image motion. However, due to its fundamentally
different source, image jitter does not follow a Kolmogorov-based temporal power spec-
trum. In particular, some electro-mechanical components, e.g. active mirrors of the tele-
scope pointing system, may introduce resonances in the power spectrum (see the spikes
in Fig. 2.8) that can harm the polarimetric accuracy (see Sect 6.3).

2.3.2 Polarimetric effects in the different modulation schemes

Since polarimetry is based on differential intensity measurements, atmospheric seeing
produces not only a reduction of the spatial resolution in the Stokes images, but also
creates spurious signals. Such signals are usually called seeing induced crosstalk (SIC),
because the combination of the seeing aberrations plus the polarimetric measurement sys-
tem, produce a crosstalk between the measured Stokes parameters (e.g. Lites 1987). The
amplitude of the SIC depends on the seeing conditions and the properties of the modula-
tion technique employed in the polarimeter, among others.

Let us exemplify SIC by assuming that a temporally-modulated polarimeter, which
has 1/(Nyoafmod) = To, 1s used to acquire a full-stokes measurement. In addition, we ne-
glect any polarization effect introduced by the telescope and the atmosphere, and assume
the true solar scene does not evolve withing the modulation period (1/f,,,4). Each mod-
ulation state of such a mid-speed polarimeter, experiences approximately a single (or the
average of only few) realizations of H ,,+.1(K, 1). Using Eq. 2.49 and 2.29; and dropping
the position and time variables; we can write the intensity measured in modulation state
number i € {0,1,...,N,,,c — 1} as follows

3
fi= " 0ij(H. s * So.), (2.53)
j=0

2t is also strongly dependent on the seeing outer scale.
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Figure 2.8. Measured power spectrum of seeing-induced image motion given in Fig. 1 of Judge
et al. (2004). Each panel shows a different measured spectrum (noisy continuous), a fit (smooth
continuous) and the data from the top left panel (dashed). The data were acquired either at the
Dunn Solar Telescope (DST) or at the McMath-Pierce west auxiliary telescope (WA, see the in-
sets). The panels on the left and right columns correspond to measurements without and with an
AO system in the beam respectively. The action of the AO system strongly reduces the power at
frequencies below ~30 Hz, but does not substantially modify the higher frequency components.
The sharp peaks correspond to instrumental jitter due to resonances in the telescopes pointing
systems, among others. The author of each measurement is identified in the corresponding inset.
Copyrights Optical Society of America 2004.

where H' . denote the point spread function (PSF) present during modulation state
number i, * the convolution operation, and the quantities /, O and S represent bi-
dimensional images. Note that, the product between images is defined to be element
to element and not the matrix product.

Assuming a spatially flat O across the FOV, we can re-write Eq. 2.53 as

3

T o_ i

Il; = Hatm+lel * Z Ol',jS@’J"
Jj=0

(2.54)

were the sum corresponds to the measured intensity in the absence of seeing. Demod-
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ulating Eq. 2.54 using Eq. 2.31, and assuming a flat D across the FOV, we obtain the
following measured Stokes vector elements

and_l 3
S miak = Z H,, o Z Dy;0;;S6.], (2.55)

i=0 =0

were k € {0, 1, 2, 3}

If the polarimeter used is a fast polarimeter, i.e. with 1/f,,,s << 79, then we can
assume the H,, .., are the same for all the N,,,; modulation states, i.e. H,, ..., = ngm rrel”
In this case, the measurement corresponds just to the aberrated version of the true Sy,

i.e. from Eq. 2.55

Nimoa—1

3
& 0 0
Sfl”t,k = Hatm+tel * Z Z DkJ'Ol'a./'S@J = Hatm+tel * SQ,k' (256)
=0 j=0

Note that, generally both S mid, and S fastx differ in a given spatial position from S o .
Nonetheless, the nature of the errors is very different. S fastk results from the linear filter-
ing of S 4 and thus, it cannot contain spatial frequency components that are not present in
the original solar scene. The latter is not true for S mid k- For example, consider the simple
case of a solar scene with a spatially-non-flat Stokes 7 and a flat polarization vector —as
the one detected in non-magnetic solar spectral lines— here So(r) = S o(r)[1, k1, k2, k3]
were ki, k; and k3 are constants € R. The measured polarization vector, using a fast
polarimeter, is in this case flat and equals to the solar value, i.e.

SA k HO * KkS 0
Afast, — at(;n+tel o, = K, (257)
S fasto Hyppir ¥ S o0

atm+te

On the other hand, the § mid k] S mid,0 are non-flat and contain spurious polarization signals.
The latter are introduced because S is also non-flat, i.e. there is crosstalk from Stokes
I to p.

Another modulation regime that we can consider is the one reached by a slow po-
larimeter, i.e. one with 1/(N,pafmea) >> To. In this case, each modulation state would
experience a long-exposure PSF, which would tend to be all similar given constant see-
ing conditions (see case 2 in Sect 2.3.1). As a consequence, the resulting SIC reduces
with respect to the mid-speed case. However, this gain comes at the expense of a strong
reduction in spatial resolution.

The SIC reduction by the usage of a dual beam system, as well as the effect of beam
imbalances, can be easily understood using the examples given in Collados (1999). Let us
denote the two simultaneous intensity measurements obtained with a dual-beam system
—e.g. one formed by an ideal circular polarization analyzer, a polarizing beam splitter
and two independent cameras denoted up (u) and down (d)— as follows

L(to) = gUo + Aapm) + g(Ve + AViu), (2.58)
Lu(to) = (8 + AQ)Uo + Alum) = (g + AV + AViyy), (2.59)

were Al,, and AV, represent the seeing-induced errors in a particular spatial location,
and Ag is the uncertainty in the gain table determination after a flat fielding procedure.
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2.3 Polarimetric effects of atmospheric seeing and image motion

The measured Stokes 7 and V are then,

idbeam = iu(ZO) + id(t()) = (Zg + Ag)(IO + AIatm) - Ag(VO + AVatm)a (260)
‘A/dbeam = fu(IO) - id(tO) = (28 + Ag)(VG + Avatm) - Ag(IQ + Alatm)~ (261)

If the dual beam system is perfectly balanced, i.e. Ag = 0, the crosstalks I & V
disappear (last terms in Eq. 2.60 and 2.61) and the measured Stokes parameters are just
the aberrated versions of the true values. On the other hand, given that typically V, << I,
(see Sect. 2.1.2), even a small Ag can severely diminish the polarimetric accuracy (see e.g.
Stenflo and Povel 1985, Keller et al. 1994). In particular, since the last term on the right
side of Eq. 2.60 can be neglected, the crosstalk introduced in V aveam ! Labeam 1S Ag/(2g+Ag)
which can easily be >0.1 % for large sensors. In the above-presented analysis, we have
neglected beam imbalances due to the wrong registration (co-alignment) of the beams on
the sensors. The latter represent a strong limiting factor of the polarimetric accuracy in
dual beam systems, particularly in the presence of strong spatial gradients of the signals
(Lites 1987).

The last modulation scheme to analyze is the beam exchange. Assuming the same dual
beam system that was used to acquire the measurements given in Eq. 2.58 and 2.59, is
now used to take two extra measurements but exchanging the beams of the two detectors,
we get

I,(t) =g+ AL,)—g(Ve+ AV, ), (2.62)

Li(t) = (g + A9 + ALL,) + (g + Ag) (Vo + AV, ), (2.63)

atm

were we have assumed that both gains have not changed from 7y — #; and denoted with
primes the new values of the seeing induced signals. The measured Stokes signals can
now be obtained by the following combination of the four intensity measurements,

ibeamex = iu(IO) + id(tO) + iu(tl) + id(tl)’ (264)
‘A/beamex = iu(tO) - fd(tO) - iu(tl) + fd(tl)’ (265)

that result in

ibeamex = (2g + Ag)(IQ + AIatm + Al

atm

‘A/beamex = (2g + Ag)(VO + Avatm + AV,

atm

)+ AG(AV gy — AV, ), (2.66)
)+ Ag(AL, — Aly). (2.67)

atm

The crosstalk terms in Eq. 2.66 and 2.67 are now only dependent on the small seeing-
induced signals. In particular, the error introduced by the last term of Eq. 2.67, can be
kept lower than in the dual beam case, i.e. Ag(AL,,, — Alm)/ Tpeamer < 0.1 %.

A detailed quantitative study of the SIC, when using a rotating wave-plate as modula-
tor, was introduced by Lites (1987). He developed a formalism to include only the effects
of image motion by assuming the change in the true Stokes vector, due to seeing, is given
by the gradient in the true Stokes / times the image displacement. This allows the compu-
tation of the crosstalk values among all the Stokes parameters, using the measured power
spectrum of seeing-induced image motion. Lites (1987) considered both single and dual
beam setups, and obtained the fundamental results exemplified above, namely

e The SIC increases linearly with the rms image motion.
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e The rms SIC reduces with increasing f,,,; following roughly 1/ f,,,4.

e The dual beam system strongly reduces the I — Q, U,V crosstalk, but does not
substantially lessen the other components.

e Any imbalance in the dual beam system produces strong I — Q, U, V crosstalk.

Using the same basic formalism, Judge et al. (2004) extended the work by Lites (1987)
to include FLCs and LCVRs-based modulators, and the effects of only image motion
compensation by an AO system. They computed the rms SIC for the different modulation
technologies, including dual-beam setups, and using different measured power spectra of
image motion (with and without tip-tilt correction, see Fig. 2.8). Their main result is
the quantitative confirmation that the SIC becomes irrelevant when f,,,, > 400 Hz, and
that tip-tilt correction by the AO strongly reduces SIC. Using simulated solar granulation,
they also concluded that the AO correction is critical to perform polarimetry at high spatial
resolutions (~0.3 arcsec).

The first quantitative estimation of SIC considering high-order seeing aberrations, and
the effect of AO corrections, was done by Krishnappa and Feller (2012). They start from
a high-spatial-resolution, full-Stokes, simulated snapshot of a plage region in the Sun.
The simulated data is then convolved with an instantaneous seeing PSF. The latter is
obtained numerically by creating frozen phase screens, from a Kolmogorov spectrum
with rp = 10cm (Eq. 2.46), and then moving them over a 1 m-telescope at a wind speed
of 10ms~!. The seeing-aberrated data is convolved with the telescope PSF, and then
corrected by simulating the action of an ideal AO system that can perfectly compensate
up to a desired number of Zernike terms. The results from the Krishnappa and Feller
(2012) simulations, corresponding to a single beam modulation scheme based on two
FLCs and two SRs, are repeated in Fig. 2.9. The two main conclusions arising from
them are that the SICs level is practically independent of the number of modes corrected
by the AO, and that at least a f,,,, ® 100 Hz is required to effectively reduce all the SIC
components down to the 10~* level approximately.

2.3.3 Image restoration

Even though AO systems are regularly used in most of the state-of-the-art solar facilities
to correct low-order seeing distortions, their performance is limited (see e.g. Rimmele
2000, Rimmele and Marino 2011, Berkefeld 2007, and references therein). This is mainly
due to finite bandwidth of the control system, limited number of actuators in the active
mirrors, accuracy of the wavefront sensing and seeing anisoplanatism??. Current efforts
to solve the latter, have shown promising advances with the introduction of the multi-
conjugated AO systems (e.g. Schmidt et al. 2014a,b).

In the context of this work, image restoration refers to any numeric technique used
to reconstruct or repair seeing aberrated solar images post acquisition. Such techniques
present some advantages with respect to the AO systems, e.g. they can correct high-order
aberrations. In spite of that, the best results are obtained generally with both solutions
working together. The main restoration techniques used in solar applications are different

22 Anisoplanatism (see e.g. Rimmele and Marino 2011) refers to the variation of the seeing PSF across
the scene, produced because the FOV is larger than the seeing isoplanatic patch (Eq. 2.48).
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Figure 2.9. Simulated SIC considering high-order aberrations and the AO effect, given in Fig.

7 of Krishnappa and Feller (2012). Each panel shows the SIC (vertical axes) between two
Stokes parameters (indicated in the titles), versus the number of Zernike terms compensated
by the AO (horizontal axes), for different modulation frequencies (different line-styles). The
modulation frequencies in all panels are 2.14 (continuous), 29.9 (dotted), 98.2 (dashed), and
200.7 Hz (dashed-dotted). Copyrights Optical Society of America 2012.

variants of MOMFBD (see Lofdahl 2002, for a review) and speckle imaging (SI, Keller
and von der Luehe 1992).

Independently of the technique used, the model assumed for the image degradation

due to seeing is linear and space-invariant (Eq. 2.49). Since neither the true solar scene
(object) nor the degradation function (seeing plus telescope PSF) are known, many in-
dependent measurements of the same (constant) object are required to constrain the esti-
mations. In order to preserve the spatial information up to the telescope diffraction limit,
such measurements need to have 7, < 7, in daylight typically z, ~ 10 ms. The space
invariance means that only images with a FOV's smaller that the seeing isoplanatic patch
(see Eq. 2.48) can be restored. To deal with larger FOVs, the scene is usually divided in
smaller patches that are restored independently.

Both MOMFBD and SI present pros and cons. Three important disadvantages of SI

are (a) it does not work properly when an AO is in the beam, because it modifies the
seeing statistical properties; (b) it does not allow the estimation of the degradation func-
tions; and (c) it requires at least ~100 statistically independent measurements of the same
object, which is difficult when considering fast evolving solar signals. On the other hand,
MOMEFBD requires much more computing time and perform worse with low contrast data
(Lofdahl et al. 2007). The first restorations of the data acquired with FSP has been carried
out using MOMFBD, thus we detail here only this technique.

The multi-frame blind deconvolution (MFBD) problem implies recovering a time-

invariant object, 7, using only many aberrated and noisy measurements, {7}, were i €
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{0,1,...,Nsm—1}. Dropping the spatial frequency variable, we can write in the spatial
Fourier domain (following Van Noort et al. 2005)

Ii=H, ..ulo+ N (2.68)

were N is the Fourier transform of withe noise, the OTFs can be obtained from

;tm+tel =¥ 7—‘_I{Pi} |2}, (2.69)

and ¥ denotes the Fourier transform operator. The generalized pupil function, P;, can be
obtained from the telescope pupil transmission function (D) and the pupil phase (9;), as
follows

P; = De"'. (2.70)

The ¢; describe the seeing-aberrated wavefronts. They are parametrized to reduce the
number of free variables, using the following finite orthogonal expansion

Nmade_l
§i =00+ > KinQim @.71)

m=0

were N4 denote the number of modes used, k;,, are the expansion coefficients and
Q,;,, are the orthogonal basis functions, i.e. Zernike polynomials for the tilts terms and
atmospheric Karhunen-Loéve modes?? for the blurring effects. The &, is used to include
any know phase difference (diversity) with respect to another channel (see below).

The simultaneous estimation of both object and aberrations is achieved by the iterative
minimization of an error metric with respect to all the coefficients k= {«;,,} (note that
is different from the spatial frequency vector k). The simplest metric and the fastest
implementation, are obtained for Gaussian noise (Van Noort et al. 2005). In this case, the
metric (L) can be simplified to the least square difference between the measured 7; and
the estimated ones (Paxman et al. 1996), i.e.

Ivfrm_1 | ZNfrm >s

am e |2
Lwy= Y| DI p o | (272)
kK \ =0 DI |7‘(mm+zel > +y

were H ;tm +1e are the estimated OTFs and vy is the regularization term of a simple Wiener
deconvolution**. Note that Eq. 2.72 does not explicitly include the unknown object®, 7,
and thus after minimization all the .., are known (we call this, the wavefront sensing
step). The derivation of the estimated object can be done after the wavefront sensing in
an separate deconvolution step.

2 A set of optimal basis functions, that minimize the mean squared error in the truncated expansion of
a random process. The expansion coefficients are independent random variables, while the basis functions
are orthogonal and continuous (Roddier 1990).

24 A wiener filter has a spectral response, H yiener(K), that allows the best estimation, i.e. minimizes the
mean squared error, of a random image from its blurred version. If the blurring function is H(k), then
Hyiener&) = 1/HE)x | HEK) > /(| HEK) |* +y(k)). y(k) is a regularization factor, used to avoid noise
amplification, given by the ratio of the noise and signal power spectra (see e.g. Saha 2007).

23The second term inside the parentheses in Eq. 2.72 corresponds to the estimated version of the first
term. Note it resembles the convolution of the estimated object and the estimated OTFs, where the former
is in turn obtained from a Wiener deconvolution of the measurements using the estimated OTFs.
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Multiple objects can be recorded at the same time, e.g. by simultaneously imag-
ing the same solar scene using different filters in each channel. Additionally, more than
one channel can be used to image the same object with different diversity dy; (phase di-
versity). The restoration of each object, 7 ; with j € {0,1,...,N,,;j—1}, constitutes an
independent MFBD problem (Eq. 2.72). Nonetheless, any known relationship among the
objects, can be translated to an equality constraint among the corresponding free coeffi-
cients, k;, to make the simultaneous restoration a better conditioned problem. The latter
is the MOMFBD approach, developed by Lofdahl (2002) and implemented as a freeware,
highly-parallel, C++ code by Van Noort et al. (2005). A MOMFBD implies then, the
minimization of the weighted sum of the individual metrics (Eq. 2.72) of all the objects,

namely
Nopj—1

Loo(Kno) = > Kapji Li(K)), (2.73)
Jj=0
WETE K,p; ; are the individual weights.

Typical wide band (WB) solar scenes require at least ~5 frames to run a MFBD. On
the other hand, narrow band (NB) data require an increased number of frames to obtain a
good restoration, due to the low S NR (Lofdahl et al. 2007). Another solution to restore
NB data, is to record a simultaneous WB channel. After acquisition, both channels can be
jointly restored by running a two-object MOMFBD. The latter, provided that, sub-pixel
co-alignment is performed and the aberrations in both channels are the same or have a
fixed, know relationship (Van Noort et al. 2005).
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3 High-cadence, ground-based
polarimetry

As seen in Ch. 2, the reduction of SIC and the implementation of image restoration,
are critical for any ground-based polarimeter that aims to reach simultaneously high po-
larimetric sensitivity and high spatial resolution (a regime demanded by many challeng-
ing open questions in modern solar physics, see Sect. 2.1.4). To reduce SIC a high-
modulation frequency is required. In addition, an efficient implementation of image
restoration demands short exposure times. A high DC and low noise are also needed,
to reach the desired S NR as fast as possible and avoid the spatial smearing produced by
solar evolution and seeing. These basic requirements can be met by a high-cadence po-
larimeter, i.e. one that can acquire a large amount of Stokes images per second. The
development of the prototype of an instrument that aims for such a regime, is the central
topic of this thesis.

The present chapter begins by summarizing the general properties that define such a
high-cadence polarimeter, based on the concepts introduced in Ch. 2. These are then used
to explore the requirements of the camera and the polarization modulator, in order to pon-
der in a nutshell the different available technologies (Sect. 3.1). From the analysis above,
it is found that the camera is generally the bottle neck of a high-cadence polarimeter. This
is further explored by comparing the different cameras used in eight state-of-the-art, so-
lar polarimeters that work in the visible part of the spectrum (Sect. 3.2.1). Within such
a comparison, the prototype of the FSP is introduced, as a novel solar polarimeter that
works in an unexploited regime of high cadence, low noise and high DC. An overview of
FSP is given in Sect. 3.2, including an enumeration of its main constituent components.

As seen in Sect. 2.1.3, the IR and UV regimes are very important to diagnose the solar
atmosphere, most notably the transition region and the chromosphere. In spite of this, the
rest of this work focuses only on visible-polarimetry (from 400 to 700 nm approximately)
in which almost all spectropolarimetric measurements have been carried out, due to a
richness of Zeeman sensitive lines, allowing detailed diagnostics of the solar magnetic
field. It is also the regime targeted by the FSP project. Some of the contents presented in
this chapter have been literally published in Iglesias et al. (2016).

3.1 Main properties of a high-cadence polarimeter
Based on the concepts and criteria introduced in Ch. 2, we have collected in Table 3.1, the
the most relevant properties that define a ground-based polarimeter that simultaneously

aims for high-polarimetric sensitivity and high spatial resolution.
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Parameter Value Motive(s) See also
Modulation  Fast, A slow dual beam system only reduces Sect. 2.3.2
single- crosstalk from Stokes / to p, and may suf-
beam fer from beam imbalance and misalignments.

The slow, beam exchange technique also re-
duces only the main SIC component, in ad-
dition it harms the spatial resolution and ca-
dence due to the combination of two indepen-
dent measurements taken at different instants

of time.
Full To allow the remote sensing of all the mag- Sect. 2.1.2
Stokes netic field vector components and the detec-
tion of scattering polarization.
Jmod >100Hz To reduce SIC to ~107* (the need of this value Fig. 2.9
is estimated from numeric simulations).
>400Hz To practically eliminate SIC Sect. 2.3.2
te <10ms  To implement image restoration. Sect. 2.3.3
To improve the data simultaneity. Sect. 2.2.3
€ ~ €ideal To reach the required S NR faster and avoid Sect. 2.1.4,
smearing due to solar evolution and seeing. 2.3.1

To improve S NR and thus the image restora- Sect. 2.3.3
tion performance.

To reach the required S NR faster and thus im-  Sect. 2.2.3
prove the data simultaneity.

<< Same as €. The photon noise rms value can Same as €
be low. e.g. 0,~ 22 e rms adopting the as-
sumptions used in Eq. 2.26; and 4 = 500 nm,
D = 1.5m, a camera sensitivity of 80 %,
t. = 2.5ms and that we are observing at a
line core with an intensity equal to 10 % of

the continuum intensity.

DC ~100 % Same as € Same as €

<N

cam

To acquire a larger amount of images and thus ~ Sect. 2.3.3
improve the image restoration performance.

QOE X FF ~100%  Same as € Same as €

Accuracy <1% To be able to detect polarimetric signals with ~ Sect. 2.1.4
amplitudes of 10~ relative to the continuum,
provided that the instrumental polarization is
below 1 %.

Table 3.1. Summary of the most relevant properties of a ground-based polarimeter that simulta-
neously aims for high polarimetric sensitivity (~107*) and high spatial resolution (<1 arcsec).
Target values are given for each parameter along with their corresponding motivation.
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3.1 Main properties of a high-cadence polarimeter

The fast modulation and a short exposure time detailed in Table 3.1, can be fulfilled
only by a high-cadence polarimeter. For the rest of this work, we use the term fast po-
larimeter as a synonym of high-cadence polarimeter.

3.1.1 Camera requirements

The general polarimeter properties given in Table 3.1, impose a first set of constraints on
the camera specifications. The two most demanding parameters for a large sensor are the
FR and o ,,. The former is determined by which of the following two strategies is used
to register the different modulation states (Stenflo 2013, Ch. 13):

e Synchronous readout: Where each modulation state is recorded by the camera in an
individual frame. Thus, FR is determined by f,,,, through:

FR = Nmodfmod- (31)

e Asynchronous readout: Where many modulation states are recorded in a single
frame. This was firstly implemented by Povel et al. (1990) in the successful Zurich
IMaging POLarimeter (ZIMPOL). This is, up to date, the only polarimeter that
works with modulation frequencies in the 10 kHz regime. ZIMPOL has seen many
improvements since its first version, and proved capable of carrying out measure-
ments with very-high sensitivity (~107°) although only at low spatial resolution
(see Sect. 3.2.1), using a spectrograph as wavelength discriminator (see Ramelli
et al. 2010, for an overview).

The heart of the ZIMPOL system is a specially modified CCD sensor. In the full-
Stokes version, which employs an FLC-based modulator with N,,,; = 4, three out of
four rows of the sensor are shielded, so they are not photosensitive and can be used
as charge storage. During operation, the modulator is synchronized with the charge
transfer of the CCD, allowing the accumulation of the signals of the individual
modulation states in independent rows. Since the charge transfer can be done in the
us regime, the modulation frequency is basically limited by the modulator. In this
way, the sensor readout is decoupled from f,,,, allowing to have FR << f,,4.

The ZIMPOL concept presents clear disadvantages regarding the resulting FR, DC,
and pixel shape and size. These make the system not suitable for high spatial reso-
lution applications (see Sect. 3.2.1).

Assuming that a synchronous readout is employed, we enumerate in the following list,
the main camera properties that critically affect the performance of a fast polarimeter. We
include also representative values for each parameter, only to guide the discussion of their
implications on the camera technology selection. The first four points are derived from
the figures given in Table. 3.1, the rest are obtained from other considerations (specified
in each case).

1. FR > 400 fps : Necessary to achieve a f,,,4>100 Hz with N,,,; =4 (Eq. 3.1), which
is the minimum required to measure the full S (Sect. 2.2.1). This value of FR also
guarantees 7,<10ms. Note we do not consider the case of f,,,,>400Hz given in
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Table 3.1. This is because the minimum resulting FR, i.e. > 1600 fps, can not be
achieved —simultaneously with the noise, sensor size and DC specifications listed
below— even by state-of-the-art technology on scientific cameras (see e.g. Sect.
3.2.1).

2. 0wm < 7e tms : Imposed for the polarimeter to be photon-noise limited (see Sect.
5.5),1e.

T < 0.107. (3.2)

cam

In most of the scientific cameras —provided that no strict power consumption con-
straints are imposed— the o, can be reduced to very low levels by cooling the
sensor. Assuming this —and considering that the imposed ¢, is short, further reduc-
ing the number of dark electrons— the o, becomes the main contributor to o .
The latter is what discourages the usage of commercial high-speed (>kHz) cameras,
to do high-resolution solar polarimetry'.

Moreover, the lack (until very recently) of scientific cameras with the FR, DC,
sensor size and o, specifications enumerated here; has led to the fact that most
of the high-sensitivity, ground-based polarimeters currently in operation, still make
use of the slow dual beam technique for SIC suppression (see Sect. 3.2.1).

3. DC~100 %: In addition to the motives given in Table 3.1, note that, the smaller the
DC the more strict the noise requirements of the camera become, i.e. for a given
FR the o, per frame decreases with the DC, making it more difficult to fulfill Eq.
3.2.

Given the high FR imposed, an almost ~100 % duty cycle can be obtained in large
sensors (see below) only if they have the ability to read while they continue inte-
grating. Such a characteristic is implemented only in full-frame-transfer or interline
CCDs (Hoslst 1998) —by means of dedicated charge storage areas in the sensor—
and in specific CMOS sensors that can store the signal in the readout node of each
pixel (e.g. Lauxtermann and Leipold 2011).

4. QE X FF~100 %: This implies keeping F'F'=100 % and maximizing QF in the 400
to 700 nm wavelength range. Note that the former discourages the usage of interline
CCDs or CMOS devices with complex circuitry inside the pixel structure?.

5. Shutter type = Snapshot: In order to keep the DC as high as possible, the camera
needs to be exposed during most of the duration of each modulation cycle. This
implies that 7, = 1/(Nuafmoa), therefore, the exposure of all the pixels of the sensor
has to be in phase. If not, the pixels that are readout later may accumulate some

I'This is, however, the solution adopted in the high-cadence polarimeter at the Japanese Solar Flare Tele-
scope (Hanaoka 2004, Hanaoka et al. 2003). This polarimeter uses a small (260x260 pixels), commercial
camera (DALSA-CA-D6-256) that can run at 955 fps. The sensor operates at ambient temperature and has
large readout noise (not reported). The main difference with respect to the regime aimed at in Table 3.1, is
that the photon flux, and thus the o, are higher, relaxing the requirement on o, imposed by Eq. 3.2.

2With these kind of devices a FF=100 % can still be obtained by utilizing a micro-lenses array, in oder
to focus the incoming light only in the photosensitive areas of each pixel. This solution presents, however,
other drawbacks including misalignments between pixels and micro-lenses, and the associated increase in
straylight.
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3.1 Main properties of a high-cadence polarimeter

of the signal corresponding to the transition state of the modulator, or to the next
modulation state; resulting in a reduction of their € (see Sect. 4.3.3). The latter rules
out the usage of CMOS devices with rolling shutter, where the rows of the sensor
are read sequentially from top to bottom. This case is exemplified in Fig. 3.1, see
e.g. Piqueras (2013), Sect. 3.4.3 for a detailed analysis.

(R) Readout ; (E) Exposure ; (MS) Modulation state ; (€) Polarimetric eff.

Row 0 EO |l| E1 |_ €Row 0 — Emax
Rowl | | E0i |R| €1 [ . €Row 1 < Emax
Row 2 | ] PRl OB €row2 = 0

Row 3 || 0 |R|] E1 | . €Row 3 < Emax

Modulator MSO ><

>

Figure 3.1. Rolling shutter implications in high-cadence polarimetry. The sketch shows the read-
out timing of a simplified example, with a bistable modulator synchronized to a sensor with only
four rows. The sensor is working at the highest possible FR, i.e. the first row is read immediately
after the last one, and the readout time is assumed to be equal to the modulator switching time for
simplicity. The synchronization is such that ensures the highest € for Row 0. As a consequence,
Row 2 accumulates in a single exposure approximately the same amount of signal from MSO0 as
from MS1, resulting in a practically null €, i.e. the polarization signal can not be recovered. Row
1 and 3 have a reduced € because part of their exposure occurs during the transition phase of the
modulator. Note that, Row 3 is dephased almost one modulation cycle with respect to Row 0
and 1, this has to be taken into account during the demodulation in order to recover the proper
polarization signals.

6. Neoi X Nyoy > 1024 x 1024 pixel?: As pointed out by Iglesias et al. (2016):

The size and aspect ratio of the detector, directly affect the instru-
ment FOV. In general, large detectors are required to image many com-
mon scientific targets with sub-arcsec sampling, e.g. large active regions.
In combination with a spectrograph, a large aspect ratio can be an ad-
vantage, depending on the required spectral resolution and range. For
filtergraph-based systems, smaller aspect ratios are commonly used.

7. Apiver < 20 X 20 um?: As explained in Iglesias et al. (2016):

Two aspects are relevant regarding pixel area. Firstly, detectors with
non-square pixels have a more complex point spread function (PSF) and
sample the image at different spatial frequencies in the two orthogonal
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3 High-cadence, ground-based polarimetry

dimensions, further complicating the image restoration process. Sec-
ondly, the pixel size has to match the required spatial sampling of the
—ideally diffraction limited— image. As a consequence, large pixels
may require re-imaging setups of unpractical dimensions, which can also
introduce further optical aberrations.

Small and square pixels are an advantage, the figure given here is just a reference
adopted from the typical values used in current solar facilities (see Sect. 3.2.1).

. Ngnog> 11 ENOB: This is imposed to have a very low quantization noise (Hoslst

1998, Sect. 4.2.5), e.g.

I Nade=NENOB 2
o2 = ( ) <0.10? (3.3)

where Ngyop 1s the ADC effective number of bits (ENOB), which is smaller than
the ADC resolution (N,,.), because it includes both the quantization noise and the
contributions from the non-ideal circuitry of the ADC (IEEE 2001). Here we have
assumed 2V« /G = 15000 ¢~ due to the short exposure times involved (see o, in
Table 3.1).

. NL < 1%: Non-linearities in the camera introduce spurious polarimetric signals

(Keller 1996). The amplitude of such artifacts is proportional to the NL and to
the instrumental polarization level. The figure given here, is required to ensure
the artifact level is ~10~* when the instrumental offset is ~1072, see Sect. 5.3 for
further details.

From the above-detailed properties, note that o,,, QF X FF and NL are among

the critical camera specifications. Since typically CCDs outperform CMOS sensors in
such parameters (see Table 2.2), most of the high-sensitivity, ground-based polarimeters
currently in operation employ CCD cameras (Sect. 3.2.1).

3.1.2 Polarization modulator requirements

In the following list we enumerate the main requirements of the polarization modula-
tor derived from Table 3.1, along with their implications on the modulation technology
selection.
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1. fnoa=100Hz: Out of the available modulation technologies listed in Sect. 2.2.2,

only the FLCs and PEMs allow to modulate above 100 Hz. However the very high
modulation frequency of the PEMs rules out any demodulation by means of syn-
chronous readout.

. Full stokes modulation: A full-Stokes modulator based on PEMs has proven diffi-

cult to implement, because it requires two PEMs oscillating at the same frequency.
Such a configuration is very sensitive to external perturbations (e.g. small temper-
ature mismatches of the crystals) and thus the required phase stability can not be
achieved (Gandorfer 1999).



3.2 The Fast Solar Polarimeter Prototype

On the other hand, full-stokes modulators based on FLCs have been successfully
used in many solar polarimeters for slow (e.g. Keller et al. 2003) and in two cases
for fast (Hanaoka 2004, Ramelli et al. 2010) modulation. Furthermore, FLCs can
be purchased with high optical quality, and are long lasting and stable, provided
UV degradation and temperature issues are controlled (see Sect. 2.2.2).

3. Nuoa = 4: Modulation schemes with larger N,,,; produce Stokes images with larger
S NR (del Toro Iniesta 2003, Sect. 5.2). On the other hand, the camera FR scales
linearly with N,,; (Eq. 3.1). Since the minimum FR imposed on the camera by
the SIC considerations is already a strict requirement (see point 2 in Sect. 3.1.1),
the smallest value possible for N, that allows to measure the full S should be
adopted?, i.e. 4 (Sect. 2.2.1).

4. € ~ €j4eqi: Modulators based on two FLCs (N,,,;=4) can provide €,,;;; > 80 %,
usually by means of a modulator design optimized for efficiency across a broad
spectral working range (Gisler 2005, Tomczyk et al. 2010).

5. ty << 2.5ms: Since for a fast polarimeter the DC has to be as high as possible,
the camera is likely to be exposed during both the stable states of the modulator, as
well as during the transition between stable states. Thus, in order to ensure high e,
the modulator switching time (z,) should be kept short (see Sect. 4.3.3), i.e.

1
N, modﬁnod '

To compute the figure given here, we assumed N,,,;, = 4 and f,,,,=100 Hz. A typical
value for 7, in FLCs is ~70 us (see Sect. 4.2.1).

t, << 3.4)

Note that, considering the requirements specified above, an FLC-based polarization
modulator is the best candidate to be employed in a full-Stokes, fast polarimeter.

3.2 The Fast Solar Polarimeter Prototype

The goal of the FSP project is the development of a ground-based, high-cadence po-
larimeter that can operate as close as possible to the regime detailed in Table 3.1, in order
to acquire high-spatial-resolution and high-polarimetric-sensitivity measurements of the
solar light in the visible part of the spectrum. The main science questions that the FSP
project will seek to address include, among others, those listed in Sect. 2.1.4. Conse-
quently the main design driving parameters are a target sensitivity of 10~* and sub-arcsec
spatial resolution (reachable only with spectropolarimetric data that is optimized for post
acquisition restoration).

Based on the arguments presented in Sect. 3.1.1, it can be clearly seen that the most
challenging component, required to develop such a fast polarimeter, is the camera. FSP is
conceived around a novel, custom-made pnCCD camera that can provide high FR and low

3Note that, this discourages the usage of a rotating waveplate as a modulator, even if a fast rotation of
the disk can be achieved. For example, the polarimeter developed by Hanaoka (2012) uses a plate rotating
at 25s~! that has N,,,s = 8. Thus it can only reach a f,,,s = 50 Hz with a detector that has FR=400 fps.
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3 High-cadence, ground-based polarimetry

O cam- In addition, following the arguments given in Sect. 3.1.2, an FLC-based polarization
modulator is employed.

The FSP project started in 2012 and is divided in two stages. The first one involves
the development of a prototype polarimeter, that uses a pnCCD camera that has a small
(264 x 264 pixel?) sensor, FR < 800Hz and o,, = 4.9 e rms; in a single beam con-
figuration. The camera was manufactured by PNSensor GmbH. The principal goals of
the prototype stage are (a) to asses the suitability of the pnCCD technology for its us-
age in high-cadence, high-sensitivity polarimetry at visible wavelengths; (b) to develop
an FLC-based modulator that can provide at least f,,,; = 100 Hz and ¢, > 80 % in the
400 to 700 nm wavelength range; and (c) to obtain the measurements required to evaluate
the instrumental concept and its polarimetric performance. Including, most notably, the
residual SIC level when operating at f,,,; = 100 Hz. The main focus of this thesis is the
development of such a prototype, hereafter denote simply as FSP.

The know-how acquired with FSP shall be used to face the second stage of the project,
hereafter referred to as FSP II (Sect. 7.1), which implies the development of a science
ready polarimeter using a camera with a larger pnCCD sensor (1024 x 1024 pixel®) that
can run at FR < 400 Hz. Such a sensor, and its associated electronics, is currently being
developed by the MPG Semiconductor Lab. The modulator package will be the same as
employed in FSP, with the difference that the larger sensor area will allow the implemen-
tation of a high-cadence, dual-beam setup, never tested in solar polarimetry before.

3.2.1 Cameras used in ground-based polarimeters: state-of-the-art

To better allocate the working regime of FSP among the rest of the ground-based solar
polarimeters, we present in Table 3.2 (adapted from Iglesias et al. 2016), the main camera
properties for the following eight state-of-the-art polarimeters that work in the visible part
of the spectrum *: IBIS (Cavallini 2006); VIP (Beck et al. 2010); CRISP (Scharmer et al.
2008, de la Cruz Rodriguez et al. 2015); DLSP on phase II (Sankarasubramanian et al.
2004, 2006); SPINOR (Socas-Navarro et al. 2006) ; FSP and ZIMPOL-3 (Ramelli et al.
2010, 2014). We include, in addition, the targeted properties of FSP II (see Sect. 7.1).
All the cameras listed in Table 3.2 are based on CCD sensors that have square pixels.
The only exception to the latter is ZIMPOL-3, which has a pixel aspect ratio of 4 to 1 and
a long dimension (90 um) nearly six times larger than the most common value (<16 pm).
ZIMPOL-3 uses a sensor with three out of four rows covered. This demands attaching a

4As explained in Iglesias et al. (2016):

We excluded from this list the SOLIS/VSM (Keller et al. 2003) although is an interesting
example of early high-cadence polarimetry. The initial idea of the project in 1998 was to
use a pair of custom made, 1024x1024, Sarnoff VCCD1024H cameras which had, 18x18
um? pixel area, 46 e~ rms readout noise and 300 fps frame rate (Keller 1998). However
the system was never delivered by the manufacturer, forcing the VSM team to select an
interim camera, with the Rockwell HyViSI-1024 model being chosen. The cameras were
modified to have 256x1024 pixels, a 92 fps frame rate and have been operative since 2003
(Harvey et al. 2004). Due to variable-dark levels, inter-quadrant crosstalk and readout noise
issues, among others, VSM was updated in 2010 to use a pair of commercial Sarnoff 1M 100
cameras (Balasubramaniam and Pevtsov 2011) similar to the ones used in SPINOR, hence
the exclusion from our list.

52



3.2 The Fast Solar Polarimeter Prototype

“(9107) 'Te 10 se1s9[3] woly paydepy “wnnoads 9[qIsia oy} Jo suontod paiisap ayi ur saIngy (9, 08<) Y31y 99iuerens 0} J9pIo
ur ‘s3u1e0d I0SUSS JO SUBSW AQ POUIpPOW 9q UBD AN[BA SII 9snedaq FO) PIPN[OXS dABY M "% 00T ~ A4 P s10suas (DD Aojdws syuswnnsul ay) [y
*SOpOUI [10q Ul Pa)sal uaaq sey dSq opow ydei3io)[y ur pasn aIe SIoylo ay} 9[Iym apowr ydei3onosads ur ajerado ysLo)se ue yirm payeuw siojowejod
9y, "siuswnnsul sndoj-1sod pareroosse ay) Jo sourwiorad oy ‘s19yjo Suowre ‘apnjoul Jey) S}Jo-apel) uSIsop JO I[NSAI Y} ST SIY ], "SeIaured ay) Aq pamoi[e
WNWIXeW 9y} Wolj IQPIp Aew pue ‘sjuawarnseaw oLawejod [eo1d£) Sunmp pasn aq 03 paiiodar sauo ay) a1e 219y pajsi] saan3y oy, "wnnoads ay) jo
11ed 9[qISIA oY) UI SUnjIom s1ojowLe[od JB[OS ‘paseq-punois ‘saxols-[[nJ ‘1Ie-ayl-Jo-03els YS9 10J sentadoid paje[a1-1019919p 9y Jo uosuedwo)) 7 ¢ Qe

'S 99°() JNOQE JO WL} JNOPEAT PEAYIJAO0 UB

ur Sunnsal pajudwe(dwr jou st Funer3aur A[IYm IuIpeal Jo AIIqe Y] ‘QINJOIYII. JQJSUBI) JWERIJ SBY PIsn JOSUIS )£-SSADD Y} y3noy) uaag
"BIQWED SOIND [BIOIQWIOD ISe) B "9 [iim pajuswroduur 9q ued 1 ‘sny) “Xng JOYSIY ) 03 anp [BINLID SSI[ ST ISIOU BIWED Y,

"1°L "199S 93§ ‘sonyea pajoadxa ay) palsI am ‘Juawido[oaap Iopun ApjuaiIn))

'sdy 061 yora1 ued pasn erowed IJS-00TNTINVD Joules oy ySnoyy

'sdy 00T yorax ued pasn erowed 00T N TNV Joures oy} ySnoyy
‘sw ()] Jo awn ainsodxa ue 10j pandwo))

N o < O

UN ON 0001 (ST 91 9 LVT  PPIXTSTI  06XSTT 0€-SSADD ¢+E-TOdINIZ
Jeuondo  SaX 001 S6 9T S 00v ¥TOTXHTOT  9EX9E aooud J1dSd
ON ON 00T 98 ¥I 6% 008 YOTXY9T  SX8h aooud dsd
ON SOk STl 001 Tl O 001 +TOIXTIS  9IX9T  IJAS-00TINIIAVD  «¥ONIdS
ON SOk STI 001 ¥I 0S 0S  TS9X88y  TIXTI  OIN[J UOISIA [9XI] «dS1a
9K X ST6 0L Tl 0T (L€ ¥TOIXPZOI  9IX9[ 00TINTIAVD dSTID
9K X STL 001 91  ¥'S 6T  TISXTIS  9IX9] L6ADD-ATH dIA
9K X 0 € Tl 0C 98T ¥TOIXPTOl 8'9X89 007 1-2V SIdI
puueyo  weaq  [zH]  [%] [nql [swia] [sdj]  [gexid]  [uwm] [opow
am  mng M oad N Yo ¥4 MNXION Py BIOWE)  IORWLIR[O]

53



3 High-cadence, ground-based polarimetry

micro-lenses array in front of the photosensitive matrix, to focus the light on the uncov-
ered pixels and keep FF ~ 100 %. The latter produces non-square pixels and requires
a challenging sub-micron, alignment process between the uncovered rows and the micro
lenses matrix (Gandorfer et al. 2004). FSP and FSP II also present a disadvantage with re-
spect to their A ;,;, which are larger (two to three times in each dimension) than the other
polarimeters (mainly due to limitations in the production process of their manufacturer).

The detector sizes of the selected polarimeters are very varied, those operating in a
spectrograph mode (marked with an asterisk in Table 3.2) have non-square aspect ratios.
Larger sensor areas and higher F'Rs constitute a trade off that depends on the readout
technology and strategy, among others. Since the th pnCCD uses massive parallel readout
(see Ch. 5), FSP II can reach up to half the FR of FSP with 16 times larger sensor area
(see Sect. 7.1).

Taking in to account that the QF, FF, € and o, of the selected instruments are simi-
lar’, we have plotted their values of FR, f,,,q and o, in Fig. 3.2; to better illustrate the
situation of each polarimeter with respect to the high-cadence regime specified in Table
3.1. Note that, there is a clear difference between the high f,,,, of ZIMPOL-3, which uses
asynchronous readout, and the rest of the polarimeters, that have synchronous readout and
thus follow Eq. 3.1. In spite of this, both groups of polarimeters are outside the parameter
space that defines the ideal, high-cadence regime (f,,,; > 400 Hz and 7, < 10ms). The
Jmoa Of the synchronous readout group —which uses N,,,; = 4 to reduce the required FR,
except for IBIS that has N,,,; = 6 and SPINOR that has N,,,;, = 8— is basically limited by
their noise performance, i.e. the higher the FR the smaller the o, per frame, demanding
lower values of o,,. On the other hand, the very low FR and DC of ZIMPOL-3 (along
with the above-stated issues on A ;) make the instrument not suitable for high-spatial
resolution applications.

The FSP and FSP II are located within a regime unexplored by previous solar po-
larimeters, see Fig. 3.2. The same is characterized by having simultaneously the shortest
t,, the lowest o,,, among the highest DC and a f,,,; > 100 Hz that ensures SIC ~ 107*
(see Table 3.1). The necessity of employing a dual beam setup to further reduce SIC in
such a regime depends, among others, on the specific science goals and the relative values
of the artifacts introduced by residual beam imbalances and SIC. The latter is currently
an open question that the FSP project aims to answer.

A discussion on what is the best strategy to reach the ideal regime shown in Fig. 3.2
is given in Ch. 7.

3.2.2 System overview

The different components that conform FSP are summarized by the block diagram in
Fig.3.3, and detailed in the following list:

e Calibration unit: The first FSP component, that the light gathered by the solar
telescope and altered by the AO system encounters, is the polarization calibration
unit. This is a polarization state generator (PSG) formed by a high-quality linear
polarizer and a super achromatic QWP. Both components are mounted in motorized

3They can also be optimized by e.g. including micro lenses, using different sensor coatings, modifying
the modulator design or reducing the working temperature of the sensor
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All have DC>70 % except IBIS and ZIMPOL that have 3 and 1.5 % respectively for t,.=10 ms.
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Figure 3.2. Comparison of the frame rate and modulation frequency of the solar polarimeters
listed in Table 3.2. Each black dot is labeled with the name of the polarimeter it represents, and
its corresponding value of o, [e"rms]. The horizontal continuous line at 100 fps correspond to
t.=10ms (if a DC =~ 100 % is assumed), i.e the maximum typically allowed for a good image
restoration assuming no WB channel is used (see Table 3.1). The vertical continuous lines are
at fuoa = 100Hz and 400 Hz to divide the regimes where SIC reduces considerably and is
practically eliminated, respectively (see Table 3.1). See the text for extra details.

rotational stages that allow the modification of their optical axes, position angles. In
addition, the whole ensemble is mounted on a motorized linear stage, that permits
displacing the PSG in (to perform a polarimetric calibration) and out (during regular
measurements) of the beam path. The S generated by the PSG can be computed
using the PSG Mueller matrix, which is given by (see Eq. 2.14 and 2.17)

Mret(@ret, 5(/1))Mpp01(0ppol’ koo s k90°)
M (Hre s /l) = ’ (35)
ne [ MPPOI,O,O(eppOI’ kO° s kg()o)

were we have normalized it to make Mpg 00, = 1, because the normalized Stokes
vector is the relevant quantity. The different Stokes vectors required to perform a
calibration are generated by changing 6,,,. The values provided by the manufacturer
of the optical components are ky-=0.99 , kgp-=0.02 and 6(1) given in Fig. 3.4.

The polarizer position angle defines the Stokes Q direction and thus is kept fixed,
i.e. 6,,0 = 0°. The rotational stages are the Owis model DMT-100, and present a
repeatability of the position angle better than 0.01°. The determination of the zero
for 6., and 6,,,,,;, 1.e. the location of the optical axes with respect to the components
glass, can typically be done with A6,., = £1° and A8,,,; = +£0.1° accuracies respec-
tively. This introduces an error in the normalized Stokes vector generated by the
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Figure 3.3. Components of the FSP as given in Fig.1 of Iglesias et al. (2016). Each box represents
one or many pieces of hardware (dashed boxes do not belong to FSP itself but are required to

make the observations).

Some of the blocks have their typical operating parameters annotated

in parentheses. The beam path is indicated by the dashed arrows. Non-labeled solid arrows
represent different control, data and power connections. The communication lines required to
synchronize FSP acquisition with the spatial (when the spectrograph is used) or spectral (when
the filtergraph is used) scanning are not shown.
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Figure 3.4. Retardance dispersion of the achromatic QWP in the PSG of FSP. The asterisks
denote measurements and the continuous line correspond to the fitted polynomial described by
the formula given above the frame.

PSG, that can be computed as follows

OMpsG.10
Agq | =55 3.55 3.9
Au| = A, || 2620 || = 1.1]3.55|x 107 ~ |3.9| %, (3.6)
Av | MrsGao | 3.35 3.7
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where we have used Eq. 2.8 and 3.5, replaced the above-given values for ¢, ko and
koo, considered a full rotation of the QWP and assumed the input of the PSG is
weakly and polarized.

Modulator package: After the calibration unit, the beam encounters the FSP mod-
ulator package, which is located as early as possible in the beam path to minimize
the polarimetric influence of the other optical components, most notably the wave-
length discriminator. The modulator is temperature controlled and driven with ana-
log voltage signals, provided by an Agilent 33502A two-channel amplifier (fixed
gain of 5). Further details on the modulator are given in Ch. 4.

pnCCD camera: The modulated intensities, after being filtered by the wavelength
discriminator, are recorded using the pnCCD camera. In order to reduce the dark
current, the sensor is cooled down to —25 °C by means of a peltier thermoelectric
cooler module, and a closed water circuit (Julabo F25-ED with an operating range
from —28 to 100° and an accuracy of +£0.03°). In order to avoid condensation, the
sensor housing is evacuated to 0.3 mbar. Further details on the camera are given in
Ch. 5.

Function generator: Both the modulator switching and the camera readout are trig-
gered in synchronization by a single Agilent 33522A, 30 MHz function generator.
Even though FSP can modulate at 200 Hz, most of the measurements were obtained
at 100 Hz because that is the f,,,; of FSP II, and thus the main regime that the pro-
totype was designed to explore.

Control computer: The instrument is controlled by a single Linux-based PC. The
control computer is used (a) to configure the function generator, amplifier and cam-
era to acquire the desired measurement; (b) to control the motorized calibration
unit; (c) to record the house keeping data from the camera housing and temperature
of the modulator; and (d) to record the output data of the camera. Due to the high
data rate, 780 Mbits~! at 800 fps, the data is transfered by four dedicated 1 Gbits™!
Ethernet connections in parallel and recorded in the control computer using a SSD-
based RAID system.
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4 Characterization and optimization
of an FLC-based polarization
modulator

The modulator package is one of the key elements of the polarimeter because its perfor-
mance influences the polarimetric sensitivity and accuracy. In order to guarantee high
modulation frequency and polarimetric efficiencies, special considerations have to be
taken into account during the design and optimization of the modulator package.

This chapter details the development process of the FLC-based modulator used in
FSP. Section 4.1 presents a description of the main design features. The optimization
procedure, followed to obtain a balanced and achromatic set of polarimetric efficiencies,
is detailed in Sect. 4.2 including the main characterization results of the FLCs and SRs
used in the modulator. Finally, Sect. 4.3 describes the polarimetric calibration procedure
—including its limitations (Sect. 4.3.1)— along with the measured behavior of the modu-
lation matrix with respect to changes in the wavelength (Sect. 4.3.2) and modulation fre-
quency (Sect. 4.3.3). In addition, the measured thermal properties of the FLCs are used to
simulate the modulation matrix temperature dependence (Sect. 4.3.4). These results are
utilized among others to derive the modulation frequency and temperature stabilization
requirements, as well as to define how frequently a calibration needs to be performed.

The result of this chapter are fundamental to the development of the data reduction
pipeline of the instrument, briefly described in Chapter 6. Some of the contents presented
here have been published in Iglesias et al. (2016).

4.1 Main design features

The FSP modulator has a design similar to the SOLIS/VSM modulator (Keller et al.
2003). It is composed of two bistable FLCs (FLC1 and FLC2), two SRs (SR1 andSR?2)
and a polarizer beam splitter cube employed as linear analyzer (see Sect. 2.2.2). The main
characteristics of the modulator can be appreciated in Fig. 4.1 and are listed below:

e Housing: The modulator housing is made of a good thermal conductor (the main
block is CuZn;oPb; — 2.0380 — MS 58) and has large mass (7845.7 g). This is to
provide high thermal inertia and low gradients, in order to facilitate the thermal
control of the optical elements (see Sect. 4.3.4). The maximum dimensions of the
modulator, including the rotational stage and the beam splitter cube, are 133.2 X
125.0 x 234.2 mm. The optical aperture is 22 mm.
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Figure 4.1. FSP modulator package. The disposition of the optical components can be seen in the
CAD cross-section (a). The two FLCs and SRs are mounted in special cases that allow them to
be manually rotated (by means of dedicated knobs) and introduce tilts of the optical surfaces (by
means of tilting rings) to avoid multiple internal reflections (see b). The photograph (c) shows
the modulator mounted behind the FSP calibration unit and a UV filter. The housing of the
temperature controller electronics, and the flexible pad used for heating are also visible. Image
(a) is adapted from Iglesias et al. (2016).
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e Heating pad: The initial modulator design included an active thermal control sys-

tem that can both cool and heat the modulator housing. Even though there are
some minor advantages in running the modulator below ambient temperature (say
at 15°C, see Sect. 4.2.1) such thermal control has not been implemented yet and
replaced by a simpler heating-only device. The modulator is heated above room
temperature (36 °C), using a flexible pad heater controlled by a Pt100-based PID
regulator (Telemeter Electronic model TR12-G), to ensure the required stability
(better than +0.1 °C, see Sect. 4.3.4). The heating pad is glued to the housing and
covers a large area to minimize the thermal gradients.

Components cases: The FLCs and SRs are mounted in independent cases that allow
the manual rotation of their optical axes (£20°), by means of independent graduated
knobs that have a +0.5° accuracy. Such a rotation capability is used during the
efficiencies optimization, see Sect. 4.2. In addition, the cases impose a tilt (2+0.3°)



4.1 Main design features

to each component in order to avoid having parallel surfaces between components
that can produce interference fringes due to multiple internal reflections.

e Entrance window: The 25 mm entrance window has an anti-reflection coating (VIS
0° [425-675nm]) that presents a reflectance lower than 0.3 % in the 400 to 700 nm
wavelength range, and has a sharp increase below 400 nm. The latter contributes to
reduce the UV radiation reaching the FLCs, which is further diminished by the UV
filter placed before the modulator!.

e Beam splitter cube: In FSP only the transmitted beam of the 25 mm polarizer beam
splitter cube is used. Regarding its polarimetric action, it is equivalent to that of
a partial linear polarizer (see Sect. 2.2.2) with kp-=0.99 and kg»-=0.02 in the 440
to 650 nm wavelength range. The position of the beam splitter optical axis is kept
parallel to the Stokes Q direction defined by the PSG. This angle can be modified
by the modulator rotational stage, which is an Owis model DT100-D53 that has an
accuracy of +30 arcsec.

Neglecting the effect of the entrance window, the polarimetric action of the modulator
can be modeled by its Mueller matrix (see Eq. 2.14 and 2.17),

MPPOLMS R2MFLC2MSR1 MFLCI
9

Mpporo,

M) =

(4.1)

were I = [0r1c1, Osr1, OrLc2. Osras OFLC1s OsR1s OFLC2, OsR2s Koo s kooe, Oy Oy on]” and all
the position angles are measured counter clockwise from 6ppp;, = 0° (see Sect. 4.1).
We adopt Eq. 2.40 to model the retardance dispersion of the FLCs and the SRs. Each
FLC has two positions of its optical axis. We define 0r;¢c; and 6 ¢, for the position
where the optical axis is closer to 0°. @7, -, and @F, ., are the relative deviations of the
FLCs optical axes measured counter clockwise from 8p;¢; and 0z, respectively. The
deviations are either 0° or the value of the switching angles (®g;¢; and ®p¢,). The four
possible combinations of the FLCs states define the modulation scheme, with N,,,;,=4 and
the following 4 X 4 modulation matrix (see Eq. 2.30)

1 hi(...,0° ,0° 1)
1 h'([....Brc1, OFrc2]")
I h'([...,0°  ,Opcl)|
1 hW([...,®pc1,0°0 1)

o) = (4.2)

were the vector I contains all the relevant modulator parameters

I =1[A,0r1c1,05sR1,OFLC2, OsR2, O0FLC1, O0sR1> O0FLC25 O0sR2> A0FLC1> AOSRIS

T
Aorrczs dosr2, Crrcts Csris Crrea, Csra, koos koo, Orrc1, Orrcz]” . (4.3)

Note that FLC1 is driven at twice the frequency of FLC2 (see Fig. 3.3). For future

reference we assume all the wavelengths in [ are expressed in nm, all the angles in deg,

all the &, in fractions of A and all the C in nm°.

'UV radiation is energetic enough to dissociate the organic molecules that from the liquid crystal, per-
manently degrading its polarimetric properties.
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4 Characterization and optimization of an FLC-based polarization modulator

The two main performance features relevant to the modulator design are the achiev-
able polarimetric sensitivity and accuracy. The first limiting factor of the polarimetric
accuracy is the quality of the polarimetric calibration, i.e. what are the errors when esti-
mating the true O(l). Such errors, are further increased with any significant variation of
I between the calibration and the actual science measurement. Therefore, the sensitivity
of O(l) to some of the parameters in / determines important calibration requirements to
ensure an accuracy better than 1 %, see Sect. 4.3.

If a good accuracy is obtained, the maximization of the polarimetric sensitivity —
proportional to the €(l) derived from D(/), see Eq. 2.35— becomes the most important
driver of the modulator design, see Sect. 4.2.

4.2 Efficiencies optimization

The polarimetric response of the modulator components is strongly wavelength depen-
dent, particularly for the FLCs. Therefore, the maximization (optimization) of €(/) can be
done as follows:

e Optimization for a narrow spectral range: Which has the advantage that typically
larger €(l) can be obtained. This implies, however, that observations at other wave-
lengths have either very low €(l) or require a modification of the modulator. The
latter implies exchanging some of the optical components and/or readjusting all the
position angles.

e Optimization for an achromatic response: This approach seeks to have simultane-
ously the maximum (/) and the flattest dispersion. Even if, for a narrow spectral
range the achromatic modulator may present lower €(1), it allows multi-wavelength
observations —either simultaneous or sequentially deferred— without the need of
any modification.

Since the main FSP science goals demand vector-polarimetric observations across the
whole optical range, an achromatic and balanced modulator was selected, i.e. with a goal
€(l) — €, in the 400 to 700 nm wavelength range. The balance of the efficiencies (see
Eq. 2.38) implies that no preference is given for circular or linear polarization, e.g. due to
the longitudinal and traversal Zeeman effects respectively. In spite of this, the adjustment
of the components position angles was designed to allow a fast and accurate modification.
This was done to permit a minor optimization in case a specific scientific program requires
higher or unbalanced €(!) in a narrow spectral range. The latter feature has, however, not
been utilized in FSP yet.

The FLCs and SRs properties strongly affect the resulting €(I) (see Fig. 4.2). In
addition, the manufacturing tolerances of the components can be large, in particular for
the FLCs (e.g. Adorrc = =10 %), and the retardance dispersion parameters can not be
precisely controlled in the manufacturing process. To minimize the effect of such man-
ufacturing tolerances in the modulator design, we applied the procedure described in the
following three sections.
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Figure 4.2. Sensitivity of the total polarimetric efficiency to variations in the FLCs switching
angles and the retardances of all components. Each panel presents the simulated variation of
€:0¢(l) (vertical axis) versus the change in a single modulator parameter (indicated in the label
of each horizontal axis), for different wavelengths (line styles, see the legend). The modulator
model employed is defined in Eq. 4.2. The model parameters corresponding to the origin in all
panels, are given in Table 4.4.

4.2.1 Step 1: FLCs characterization

In the first step, two FLCs were purchased specifying a half-wave retardation at 460 nm
wavelength, and a usable aperture of 25 mm. The two pieces acquired were characterized
in order to determine the actual behavior of their 7, ¢, @r,¢ and ¢, with respect to changes
in T, A and the driving voltage (V).

To measure dr;¢ and O at a given wavelength, the FLC is placed in between two
crossed linear polarizers and illuminated with quasi-monochromatic light. For each state
of the FLC, the intensity resulting from such a setup, varies sinusoidally with the orienta-
tion of its position angle, following?

I= Ko{l + cos “4.4)

2n(OFrc — Kl)]} + K
I — 3s

K2

were Ko, K1, kK, and k3 are four constants € R.
An example of a measured [ is given in Fig. 4.3a along with the resulting fits of the
function given in Eq. 4.4 to the measurements of each state (denoted /; and I,). dpc 1S

ZFor each state, the retarder action of the FLC implies a 0prc = 180° clockwise rotation of the incoming
Stokes vector in the Poincaré sphere, around the axis defined by the FLC optical axis (see Eq. 2.17).
Therefore, when illuminated with pure ¢, the output of the FLC is ¢ (minimum intensity) if its optical axis
is oriented in +¢ direction. The output is -g (maximum intensity) if the optical axis is in the +u direction.
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4 Characterization and optimization of an FLC-based polarization modulator

derived from (using the average of 3 of both states)

cos '(2k; = 1)

7 4.5)

OrLc =

The position of the FLC optical axis (see point 2 in Sect. 2.1.2) in each state is given by
the rotation angle that maximizes the corresponding output intensity at a fixed wavelength
(see Fig. 4.3a). Let us call such angles 0rrcmax1 and Orrcmar2, taken for two consecutive
maxima of /; and I, respectively. Then, @, is obtained from the difference Opc a2 —

OrLcmax1- In the later there is a 90° ambiguity —because the output is periodic’— that
can be solved by measuring the @y, temperature dependence (see below).

To eliminate the ambiguity in the determination of the optical axis orientation, the
FLC is fixed at Op;cmqax1 and an achromatic QWP is added to the setup after the first
polarizer, in order to illuminate the FLC with pure circularly polarized light®. Due to the
dispersion of the dz; ¢, the optical axis orientation in state 1 1S Ogy ¢ mqy 1f the zero crossing
of the curve I1(0prcmax1) — [2(0rLcmax1) VErsus A has positive slope. If not, the optical axis
is oriented at Opyc a1 + 90°.

The main FLC characterization results are summarized in Fig. 4.3 and described
below:

e Retardance: Fig. 4.3c and 4.3d show the measured dispersion of 6r;c; and dprcn
respectively, for different T and a fixed Vg = 11.0V. The values of C and A,
resulting from fitting Eq. 2.40 with 6, = 0.5 to the measurements, are reported in
Table 4.1. dr;c decreases with temperature although the sensitivity is low, e.g. the
(spectral) mean variation between the fitted dispersion functions at 15 and 40 °C is
approximately —4 x 10~ 2°C~! for FLC2 (equivalent to —0.15 %°C~! for the worst
case Orrcr = 0.254).

Tric Crrci Aorrct error Cric2 Aorrc2 Crror
[°C] x10"[nm?’] [nm] x1073[1] x10’[nm’] [nm] x1073[A]
15 - - - 1.42 439.7 7.1
22 - - - 1.46 438.8 6.8
30 1.48 454 .4 9.0 1.41 435.8 4.9
40 1.44 451.9 6.1 1.45 434.2 7.0

Table 4.1. Measured FLCs dispersion constants. The error columns give the rms difference be-
tween the measured retardances and the fitted dispersion law (Eq. 2.40). The values with ‘-’
were not measured.

e Switching time: The FLCs are driven with two alternating* square signals with
switching time ~8.4 ns (and peak voltage V ;). The square, is the wave form that
produces the fastest switching of the FLCs. Moreover, ¢,5;~ reduces with higher

3Note that, in this step the sense of rotation of stokes +v is defined.

4The maximum offset component allowed in the FLCs driving voltage is 10mV. The continuous appli-
cation of a larger value may damage the device due to the migration of impurity ions towards the electric
plates, and the subsequent apparition of a permanent electric field.
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Figure 4.3. FLCs characterization results. The measurement conditions are specified in the title
of each panel. (a) Variation of the output intensity versus position angle for both states of FLC1
(asterisks), along with the resulting fits of Eq. 4.4 (see legend). (b) Switching angle versus
driving voltage for both FLCs (see legend). Retardance dispersion at different temperatures
(see legends) for FLC2 (c) and FLC1 (d). Switching angle dispersion at different temperatures
(see legends) for FLC2 (e) and FLC1 (f). In both cases the value of the switching angles at
A = 700nm has been subtracted. The latter are shown in (g) and (h) for FLC2 and FLCl1
respectively, along with the fitted temperature variation laws. See the text for extra details.
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4 Characterization and optimization of an FLC-based polarization modulator

Vere (tpre o« Oprc/ E), as reflected by the measurements given in Table. 4.2. ¢z
is defined as the difference between the time instants where the output intensity is
10 % and 90 % of the stable state value, when the FLC is placed between crossed
polarizers.

Vrre tsrrer tsrrez
[VI  [us]  [us]

5 157.0 131.0
10 750 73.0
13 58.6  63.0

Table 4.2. Measured FLCs switching time at T rrc = 40°C, 4 = 460 nm and a driving frequency
of 1 kHz.

o Switching angle: ®Or;c increases with Vg (see Fig. 4.3b), in this respect driving
the FLCs at higher voltages is desired (also to reduce ,, see above). The maximum
allowed voltage for the purchased FLCs is 25 V, thus, we adopted Vg e = Vprer =
17.5V (note in Fig. 4.3b that the variation begins to flatten off above ~11 V).

The measured dispersion of @p¢y; and Opcy, are presented in Fig. 4.3e and 4.3f
respectively, for different 7 and a fixed Vg = 11.0V. For each temperature,
the corresponding value of ®p;¢ at 4 = 700 nm has been subtracted from all the
measurements to show that the temperature dependence of ®g;¢ is approximately
wavelength independents. The subtracted @y and Op; ¢, are given in Fig. 4.3g
and 4.3h respectively, along with the fitted temperature variation law (Eq. 2.41).
Since for FLC1 only two temperatures were measured, the fit was restricted to have
dOr;c1/dT = dOp;c»/dT for Trrci = Trrer = 36 °C, namely® —0.09 deg °C~.

e Transmission: Both FLCs present a measured transmittance above 80 % in the 440
to 700 nm wavelength range. From 400 to 440 nm the transmittance is still above
40 %.

4.2.2 Step 2: First optimization and SRs characterization

The measured properties of the FLCs were used to compute a first set of optimum 6 for
all the components and the values of dsz; and dsz,. The optimization, performed using
the software developed by Gisler (2005), minimizes the squared differences between the
€ of the modulator model given by Eq. 4.2 and €, (Eq. 2.38), in the 400 to 700 nm
wavelength range. Since the modulator model does not include the dispersion of O,
and O >, we used the values at 460nm, 7 = 36°C and Vy o = 175V, ie. 41.5°
and 42.6° respectively’. After this first optimization, two 25 mm SRs were purchased

SThe physical effect that produces the variation of ®p¢; with A measured here, is not reported in the
literature and needs further investigation.

This value is low compared to the typical temperature dependence in FLCs, e.g Feller (2002) found
dOprc/dT ~ —0.5deg°C™!.

"Measured in a separate characterization campaign and thus not shown in Fig. 4.3.
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specifying the values of dgz; (quarter-wave plate at 488 nm) and dsz, (half-wave plate
at 532 nm) found. The acquired components were characterized to determine the actual
dispersion of their retardances (see Table 4.3) and location of their optical axes.

Tsg Csri Aosri error Csr2 Aosr2 error
[°C] x10°nm?] [nm] x1073[1] x10°mm?®] [nm] x1073[2]
25 2.39 510.76 1.0 5.50 517.67 17.7

Table 4.3. Measured SRs dispersion constants. The error columns give rms difference between
the measured retardances and the fitted dispersion law (Eq. 2.40).

4.2.3 Step 3: Final optimization and results

The measured dispersions of the SRs were used to run a second optimization, this time
specifying only the 6 of all the components as free parameters. The final measured prop-
erties used in the modulator model, along with the optimum position angles found are
listed in Table 4.4. A comparison of the measured (see Sect. 4.3) and modeled optimum
efficiencies is given in Fig. 4.4. Note that the agreement between the model and measure-
ments is good (errors are <10 %), considering that the dispersion of ®f;¢; and Op; ¢, are
not considered in the former. Another potential error source is the limited accuracy when
setting the optimum position angles found in the modulator. This is due to the limited
accuracy during the initial determination of the components’ optical axes (+1°, see Sect.
4.2.1) and when rotating their mechanical cases (+0.5°). This effect is, however, only
in the percentage level according to simulated sensitivity values of the total polarimetric
efficiencies (see Table 4.5).

Property FLC1 SR1 FLC2 SR2 PPOL Unit

S 41.5 - 42.6 - - o
0o 0.5 0.25 0.5 0.5 - A
Ao 451.9 510.8 4342 517.7 - nm
C(x10") 146 024 143 055 - nm’
ko- - - - - 0.99 -
kooe - - - 0.02 -

Opt. 6 =71.8 2677 -415 6438 0 o

Table 4.4. Properties of the optical components in FSP modulator. These parameters defined the
model (Eq. 4.2) used to derive the optimum position angles (given in the last row). See the text
for extra details.
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Figure 4.4. Measured (diamonds) and modeled FSP polarimetric efficiencies. The results of the
modulator model —used to compute the optimum position angles, see Table 4.4— is shown with
dashed lines. To emphasize the necessity of a proper description of the retardances’ dispersion,
we also present the results of the same modulator model, except that all C were set to zero
(dotted). The horizontal continuous lines represent the polarimetric efficiencies of an ideal and
perfectly balanced modulator (Eq. 2.38). Adapted from Iglesias et al. (2016)

Orrct Osgi Orrc2 Osrx Oppor Unit
de,/dO 4.3 53 137 172 8.6 1073deg’!

Table 4.5. Sensitivity of the total polarimetric efficiency to variations in the position angles. The
table gives the simulated maximum values of de;,;/df in the 400 to 700 nm wavelength range,
assuming one element is rotated at a time. The model used is defined in Table 4.4.

4.3 Polarimetric calibration

In order to estimate O, a series of N, calibration measurements are acquired using as
input the Stokes vectors generated by the PSG (see Eq. 3.5 and 2.29),

1
< Mps6.1.0(0rer,js A)
L,i=0 o K +N; =Osps;.i+ N, 4.6
Li MpsG2,0(Brer,js A) ! P56 ! (46)
Mps;3,0(0rer,js A)

where j € {0,1,..., Ny — 1}, Spsc is the normalized Stokes vector and N; represent the
noise in measurement number j. In Eq. 4.6 we have dropped the output intensities of
the PSG because they do not affect the retrieved O, as long as they are the same for all
the N., measurements (see Sect. 4.3.1). Since the noise is random (not known) and the
true calibration Stokes vectors may differ from spg; due to errors in the PSG model; only
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4.3 Polarimetric calibration

an estimation of O can be obtained. If the noise is neglected in Eq. 4.6, and the N 4
measurements are grouped using block matrices, the estimated (measured) O, O, can be
computed as follows (see e.g. Beck et al. 2005a, for a derivation),

-1 T
T
s;sc,o IcTal,O
S I
A PSG,1 al,1
o’ = , catl 1, 4.7
ST AT

PSGNew—1 I, I No—1

If N,y = 4, the inverse in Eq. 4.7 can be directly computed (given properly chosen sps¢)
because the matrix is squared and non-singular. In practice N.,>4 is used, and 0 is
obtained in a least square fashion by computing the inverse in Eq. 4.7 using the SVD
pseudo-inverse. Note that, each row of O has to be normalized (divided by the element in
the first column) in order to match the definition given in Eq. 4.2.

The measured calibration Stokes vectors are then obtained using the estimated de-
modulation matrix, ﬁ, as follows

Scal,j = O_Iical,j = ﬁical,j~ (4.8)

A typical set of FSP calibration measurements (with N.,; = 18) are given in Fig. 4.5.
Since the uncertainty in 6,., of the PSG can introduce a large error in spsi (see Eq. 3.6),
we leave its value as a free parameter to fit by minimizing the residuals of the calibration
measurements, namely the As.,; ; =S..,; — Spsc,;j given in Fig. 4.5%. The O derived from
the measurements in Fig. 4.5 is shown in Table 4.6.

1.000 0.200 0.791 0.557
1.000 -0.606 -0.788 -0.090
1.000 0.150 0.034 -0.976
1.000 0.970 -0.152 0.129

Table 4.6. Example FSP modulation matrix at 4 = 630.2nm. The figures correspond to the
average over the sensor area.

Any difference between the O estimated in the calibration and the true O present
during the acquisition of the science data will harm the instrument polarimetric accuracy.
Let us denote the true modulation matrix at the time of the calibration as O(l.,), and
assume it was estimated with no errors, i.e. ﬁ(lcal) = O~ !(1.,). Then, the Stokes vector
acquired during a measurement where the modulation matrix has changed a small amount
AQ, can be expressed as follows,

S = DL.)[O,y) + AOIS. (4.9)

8The minimization is done in a least square sense, i.e. minimizing the rms As., with respect to a
(constant for all j) error in 6, ; (this requires evaluating Eq. 3.5, 4.7 and 4.8 for each iteration of the
minimization). This procedure, detailed in Beck et al. (2005b), can also be used to fit the § of the PSG. We
do not do it here because the measured ¢ (Fig. 3.4) has proven to be accurate enough, i.e. fitting it does not
considerably reduced the calibration residuals.
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Figure 4.5. Example FSP calibration measurements at A = 630.2 nm. Both the modeled (continu-
ous line) and measured (+ symbols) normalized Stokes parameters are shown for each position
angle of the retarder in the PSG (referring to the left scale). The difference (residuals) are de-
noted with asterisks (referring to the right scale). The measurements correspond to the average
values over the sensor area. The fitted value of 6,,; for the retarder in the PSG is 1.51°. The
values of [ are normalized to the first calibration position.

AO can be produced by a variation in any of the elements of /, either because they were
intentionally modified —e.g. in a typical filtergraph-based line scan, the calibration is
acquired in a single spectral point such as line continuum and used to demodulate all
the measurements— or because they present spurious variations (e.g. the temperature-
induced change of Op¢).

We have collected in Table 4.7 the maximum allowed values for AO, that keep the
errors (defined with respect to the AO = 0 case) in the measured § of Eq. 4.9 below
1 x 107, Since such errors are multiplicative, they scale approximately with the value
of the instrumental polarization®. Therefore, we show in Table 4.7 two tables that as-
sume two typical instrumental polarization levels, namely 1 % and 5 %. Note that, all the
elements in the first column of AO are zero because the modulation matrix is normalized.

In the rest of the present section (except Sect. 4.3.1) we use the figures in Table 4.7,
as a reference to evaluate the errors introduced by the variations of common variables that
affect the FSP modulation matrix. This is done to derive the maximum allowed variations
of A before a new calibration is required and the stability criterion for the modulation
frequency and the modulator temperature.

4.3.1 Spatial dependence

The modulation matrix presents variations across its aperture due to the spatially variable
properties of the SRs, FLCs and the beam splitter cube in the modulator. In FSP the

9We are considering here the measurement of a weak (<1 %) solar signal. Therefore, the instrumental
polarization level dominates the value of S in Eq. 4.9. Moreover, in general it also determines the offset or
zero polarization level, because the solar continuum is practically unpolarized close disk center.
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- 0.032 0.032 0.032 - 0.006 0.006 0.006
- 0.020 0.020 0.020 - 0.004 0.004 0.004
- 0.012 0.012 0.012 - 0.002 0.002 0.002
- 0.020 0.020 0.020 - 0.004 0.004 0.004

Table 4.7. Maximum allowed variations of the modulation matrix elements. The tables present
the absolute value of AO that produces an error equal to 1 X 10~*in the retrieved ¢, u or v of
Eq. 4.9. Two cases are given, firstly using S = [1,0.01,0.01,0.01] (leftmost table) and secondly
S = [1,0.05,0.05,0.05] (rightmost table), e.g. due to 1% and 5 % instrumental polarization
respectively. We also assume that only one element varies at a time, that O(l.) is the one given
in Table 4.6, that D(I,,;) = O~ () and that all the elements in the first column of AO are zero.

modulator is located close to a focal plane to avoid FLCs-induced image jitter (see Sect.
6.4.5). As a consequence, O may vary across the FOV. If this is the case, and the same
(spatially averaged) D is used to demodulate (Eq. 4.8) all the pixels in the image (scalar
demodulation), then a non-flat error is introduced. In FSP such errors are at the ~1 %
level, this can be seen by looking at the calibration residuals in Fig. 4.5 where a scalar
demodulation was used, see also below.

To eliminate the errors introduced when performing a scalar demodulation, a field
dependent demodulation has to be applied, i.e. Eq. 4.8 is solved independently for each
pixel using the corresponding 0. Unfortunately, this is not possible with the calibration
technique used here because the spatial variations of the estimated O —obtained using
Eq. 4.7— are dominated by the errors introduced by the violation of the assumption of
constant output intensities of the PSG ', see Fig. 4.6. Feller (2007) developed a technique
to eliminate the errors introduced by a variable illumination during calibration. Such a
technique, which involves taking extra calibration measurements to estimate not only the
16 elements of O but also the N, input intensities, is planned to be implemented for FSP
in the near future. This will allow the application of a field dependent demodulation with
the subsequent increase in polarimetric accuracy (e.g. to eliminate the residual gradients
present in Fig. 4.6¢).

4.3.2 Spectral dependence

The measured dispersion of the FSP modulation matrix is shown in Fig. 4.7 (for a plot
of the associated efficiencies see Fig. 4.4). Let us estimate the maximum variations of
each element as the maximum measured slopes, given in the titles of each panel. Then,
the comparison (in particular element {2, 1}) with the figures in Table 4.7 determines that
a new polarimetric calibration has to be acquired for changes in the wavelength that are
larger than ~1 nm and ~0.1 nm considering 1 % and 5 % instrumental polarization respec-

10 The assumption of constant output intensities of the PSG implies that its input Stokes 7, Q and U, are
constant during the calibration time. The acquisition of all the N, calibration takes ~5 min to complete.
While Q and U do not change much in this time scale —because the changes in the instrumental polarization
are negligible— 7 cannot be considered constant. In particular, because the calibrations were acquired using
the telescope in flat field mode, i.e. with the pointing moving around the solar disk center (see Sect 6.1.1).
The latter, added to the intrinsic contrast of solar granulation (~10 %), results in a temporal variation of the
individual pixels illumination.
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Figure 4.6. Spatial variation of the FSP modulation matrix due to errors during calibration. Image
(a) shows element {1, 3} of the 0 given in Table 4.6. The spatial variations seen here are not
present in the real O, they are the errors introduced by the fluctuations of the input intensity
during the calibration (e.g. due to the solar granulation contrast combined with the telescope
movement imposed during calibration). The latter can be seen for example when comparing the
Stokes u (corresponding to measurement j = 3 in Fig. 4.5) obtained using a field dependent
demodulation (b) and a scalar demodulation (c), which is the technique used in this work. The
remaining spatial variations present in (c) are due to changes in O (plus any artifact introduced
by the camera). See the text for extra details.

tively. Note that, the typical line width is less than ~0.1 nm justifying the acquisition of a
single calibration, at say the continuum spectral point, to calibrate all the measurements
of a filtergraph-based line scan.

4.3.3 Modulation frequency dependence

In order to maximize DC and due to the high FR, FSP does not use a shutter in front of the
pnCCD camera!!. The two main consequences are that frame transfer effects may appear
(this is discussed in Sect. 5.2) and that there is signal accumulated during the modulator
switching time. The latter produces a reduction of the S NR in the measured polarimetric
signals and a reduction of the €.

The only variable components in the modulator are the FL.Cs, which present a smooth
transition between the two positions of their optical axes (see Dubreuil et al. 2010, for
a high temporal resolution measurement of My, during switching). Therefore, the vari-
ation of the modulator Mueller matrix is determined by the FLCs switching time. Since
at Ve = 17.5V, typc = S50us (obtained from an extrapolation of the values in Ta-
ble 4.2), i.e. it corresponds only to 4 % of the modulation state duration at the highest
Jfmoa = 200 Hz; the reduction of ¢, with increasing f,,,4 is small (see Fig. 4.8).

The required long term stability (in the hours range) of f,,,4, to keep the errors pro-
duced by the associated change of the modulation matrix below 1 x 107%, is approximately
1 Hz for an instrumental polarization <5 %. The latter can be estimated from the measured

"1 A mechanical shutter reduces DC when continuously operating at 400 Hz, moreover the fastest designs
usually involve a non-global exposure. An optoelectronic solution introduces extra optical components
contributing to a lower throughput, among others. Using no shutter also reduces hardware and error sources
because no extra synchronizations are required.
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Figure 4.7. Measured dispersion of the FSP modulation matrix. The first column of the matrix
(with all elements equal to one) is not shown here. The maximum slope of each curve is given
in parentheses in the title of the respective panel. All figures correspond to the averages over the
sensor area.

changes (in particular element {2, 1}) of O versus Jfmoa sShown in Table 4.8, and the figures
given in Table 4.7. The stability specified above is easily satisfied by the function gener-
ator that produces the FLCs driving signals (see Sect. 3.2.2), which presents a long term
variation of the output frequency of +2 ppm of the set value +15 pHz.

4.3.4 Thermal dependence

A change in the modulator temperature modifies the FLCs switching angles (see Sect.
4.2.1) and thus the modulation matrix. We can estimate this effect by combining the
modulator model defined in Table 4.4, with the fitted temperature variation laws for both
G)FLC] (Flg 43h) and G)FLCZ (Flg 43g)

Table 4.9 shows the maximum variations of each element in O derived from such an
estimation, assuming that Tr;cy = Tprcr. Note that, from a comparison (in particular
element {2, 1}) of the figures in Table 4.9 and those given in Table 4.7, we can conclude
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Figure 4.9. Measured modulator housing tem-
perature, during a typical observation at the
VTT. The series shown here has a mean
of 35.96 °C, a standard deviation of 0.025 °C
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- 0.024 0.004 0.002
- 0.002 0.004 -0.003
- -0.025 0.006 -0.010
- 0.017 0.013 0.010

Table 4.8. Variation of the FSP modulation ma-

trix with modulation frequency. The figures
give the maximum measured change of each
element in O for Sfimoa in the 20 to 200 Hz
range and A = 525 nm, expressed in daHz™!.

- 0.000 0.000 0.000
- 0.006 0.006 0.004
- 0.005 0.001 0.005
- 0.005 0.005 0.001

Table 4.9. Simulated thermal variation of the

FSP modulation matrix. The table gives the
maximum absolute derivative with respect to
Trrc (expressed in °C™1), for A from 400 to
700nm and T gy from 15 to 40°C. See the
text for extra details.

that a long term (in the hours range) stability of the modulator housing temperature of
AT =~ 0.1°C is sufficient to keep the inaccuracies produced by the variations of O below
1 x 107 (assuming constant thermal gradients). Fig. 4.9 presents the thermal stability
achieved with the current thermal control system (see Sect. 4.1).
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S5 Characterization and optimization
of a pnCCD camera for fast imaging
polarimetry

As emphasized in Chapter 3, the bottle neck of a synchronous, high-cadence polarimeter,
is the camera used to detect the modulated intensities. Particularly critical are its total
noise, frame rate and duty cycle. In addition, differential artifacts, i.e. varying from
exposure to exposure, are likely to appear as a polarimetric spurious signal and thus, are
also relevant for high-sensitivity polarimetry.

This chapter introduces the pnCCD camera that was custom made to be used in FSP
(Sect. 5.1). In Sect. 5.2.2 the synchronization between camera and the polarization
modulator is selected and the general expression for the signal acquisition, including that
collected during the shutter-less frame transfer, is presented (Sect. 5.2). The latter allows
the development of a post-facto numeric technique to eliminate the smearing introduced
during frame transfer, in the presence of strongly polarized sources. A characterization
of the camera performance with emphasis on its usage for imaging polarimetry is also
presented. This includes assessing the poalrimetric effects of gain non-linearities and
residual offsets (Sect. 5.3), and characterizing the different noise sources (Sect. 5.5);
including readout (Sect.5.4.4), dark (Sect. 5.4.5) and most notably the common mode
noise (Section 5.4.1). Finally, a brief discussion of the photon-noise limited regime in
polarimeters (Sect. 5.5) helps to emphasize the advantages of a low noise camera such
as the one used in FSP. Some of the contents of the present chapter have been literally
published in Iglesias et al. (2015) and Iglesias et al. (2016).

5.1 Design and specifications

The pnCCD camera used in FSP employs a fully-depleted, back-illuminated CCD sensor
commonly called pnCCD. pnCCDs are part of a family of devices that have been invented
since their basic working principle, the sideward depletion!, was introduced in 1983 (see
Castoldi and Guazzoni 2012, for an historical review). Sideward depletion strongly in-
creased the CCDs QF, and considerably reduced their output capacitance (even for large

'In a nutshell, the sideward depletion consists of fully depleting an e.g. n-type semiconductor wafer by
sandwiching it with two p* implants. The two junctions are reversed biased with increasing voltages until
their depletion regions merge in the interior of the n-type substrate. This technique allows full depletion with
bias voltages that are four times lower than previously needed in a conventional p*nn* structure (Lechner
et al. 2004).
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area devices) among others. The later, in addition, particularly pushed the development of
high-performance readout electronics that has low o, and high FR, including, the very
important introduction of the on-chip amplifier.

The first pnCCD was demonstrated in 1988 for X-ray spectroscopy (Strueder et al.
1988). Since then, many of the most successful developments and applications of this kind
of sensors to astrophysics, have been done at the Max Planck institute for extraterrestrial
physics and the semiconductor lab of the Max Planck Society, initially together with
PNSensor GmbH. They developed the first versions of the pnCCD sensor and readout
ASIC —the CMOS amplifier and multiplexer (CAMEX)— employed in FSP, for X-ray
imaging in the successful XMM-Newton space mission launched in 1999 (Strueder et al.
2000). Further improvements were made for another X-ray application in space on board
of the ROSITA mission (Meidinger et al. 2003). The high QF and FR with low o, of the
above-named pnCCD systems, have also promoted their usage for imaging in optical and
near IR wavelengths since 2006 (Hartmann et al. 2006). Particularly suitable applications
were found in astronomy either as main imager or as wavefront sensor for AO systems
(see Ihle et al. 2012, and references therein).

The above-named benefits on FR and o, of the pnCCD (further detailed below),
are clearly in line with the camera requirements of a high-cadence solar polarimeter (see
Sect. 3.1.1). The latter has triggered the development of FSP, which constitutes the first
application of a pnCCD to solar polarimetry.

5.1.1 pnCCD sensor and readout electronics

The basic internal structure of the three-phase pnCCD sensor used in the FSP camera
is presented in Figs. 5.1a and b. The main detector features, that are most relevant to
its application in a high-cadence polarimeter, are enumerated below. See Table 3.2 for
further detector properties, and also Ihle et al. (2008) and Hartmann et al. (2006).

1. Fully depleted, back illuminated pnCCD: The fully depleted volume of the sen-
sor increases its QF in the whole optical range. The photocharges generated by
higher energy photons (with short penetration depths) are more likely to reach the
accumulation region —located at the electron potential minimum at around 8 um
of the front side— because the bulk of the sensor is devoid of free charges for re-
combination and the electric field in its interior is large. This permits having a
back illuminated device with thicker substrate (compared to usual CCDs), which
in turn greatly improves the efficiency in detecting lower energy photons (with
high penetration depths). The back illumination also allows to reach FF = 100 %;
to avoid etaloning in applications with very narrow spectral bandwidth, like solar
spectropolarimetry; and to have a thin and homogeneous entrance window which
has low absorption and —along with the reduced reflectivity when depositing anti-
reflecting coatings on it— contributes to further increase the QF in the blue (see
Fig. 5.1c). The buried transfer channel contributes to a low charge transfer ineffi-
ciency (<5 x 1073). In addition, the fully depleted volume and large pixels, among
other properties, allow the sensor to reach FWC up to 1 x 10° ¢~ (although this
is not a critical parameter because modern solar polarimetry is generally photon
starved, see Sect 2.1.4).
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2. Column parallel readout and split frame transfer architecture: The sensor presents
channel parallel readout, i.e. every semi-column has independent readout circuitry
(see below) and is read in parallel. The readout is split and each half of the light
sensitive area is quickly transfered to a shielded frame storage after each exposure
(see Sect. 5.2 for further details on this process). The two above-named technolo-
gies (plus the fast readout of the CAMEX, see below) allow the sensor to reach
simultaneously high FR and DC (see Table 3.2).

3. On chip amplifiers plus CAMEX readout ASICs: Each semi-column of the sensor
ends in a low-noise, on-chip JFET amplifier. The output of each on-chip amplifier
is in turn bonded to a single channel of the readout ASICs, the CAMEX (see Her-
rmann et al. 2008, Hartmann et al. 2006). Each CAMEX has 132 readout channels
that are read in parallel and then multiplexed to two analog serial outputs (64 chan-
nels per output). A single readout channel of the CAMEX is conformed among
others by (a) a current source to bias the pnCCD on-chip amplifier; (b) a first JFET
low noise amplification stage; (c) a second amplification stage, with 8-fold cor-
related double sampling for noise reduction?; (d) a sampling and hold stage that
allows starting the amplification of the next CCD row while the multiplexing of
the current row is still in progress (further increasing the FR); and (e) a serializer.
The CAMEX also features fully programmable gains and digital to analog convert-
ers and reference voltages, for the internal generation of the bias voltages of each
stage (eliminating the need of many external power supply lines). The above-named
characteristics of the readout CAMEX plus the low noise figures of the on-chip am-
plifier (possible due to the low output capacitance of the fully depleted channel) are
the main causes of the very low o, (Sect. 5.4.4) and NL (Sect. 5.3).

4. Others: The light sensitive area of the CCD sensor in FSP is small®, i.e. N, X
N,0»,=248 x 256 pixel? (see point 6 in Sect 3.1.1). Note that, 8 additional columns
and 4 rows are covered by an aluminum shield in each side of the light sensitive
area. The shielded columns are used to filter the common mode artifact (see Sect.
5.4.1). The shielded rows help to prevent stray light in the adjacent rows of the
frame storage areas. The image area of the sensor is 12.7 x 12.7 mm?.

5.1.2 pnCCD camera

An overview of the pnCCD camera system, including housing, main connections and
associated readout electronics rack is given in Fig. 5.2 (see Ihle et al. 2012, for a de-
scription of a similar system). The sensor is located in an evacuated compartment of the
camera housing, and is cooled down using two two-stage Peltier elements that are pre-
cooled using a cool water circuit. The maximum dimensions of the camera housing are
170 x 165.8 x 227.9mm. The 8 analog outputs of the CAMEX are connected to one

2This means that the output of the first amplifier stage is sampled eight times after the reset, and another
eight times after the charges are read. The samples before and after the reset are then subtracted one to one
and the eight resulting values averaged to form the output signal, see also footnote 15 in Sect. 2.2.4.

3We used Ny X Nyo, =264 x 264 pixel® in Table 3.2 because this are the amount of pixels read in every
exposure.
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Figure 5.1. pnCCD sensor used in FSP. (a) Schematic cross section of a portion of one sensor
channel. (b) Array structure, including the light-sensitive image area and the shielded frame
store area. (c) Sensor QF, including the measured and simulated values with two different anti-
reflecting coatings (the one used in FSP is ARC2). See the text for extra details. Images (a) and
(b) were adapted from Ihle et al. (2012).

ADC each, which have N,,.=14bit and are located in four boards of the external rack
(see further details in Sect. 3.2.2).

5.2 Camera-modulator synchronization and camera cal-
ibration

The frame acquisition of the pnCCD camera and the switching of the modulator (i.e. of
the FLCs) need to be synchronized (see Sect. 3.1.1). In FSP, the synchronization strategy
was determined to facilitate the post-facto correction (given in Sect 5.2.1) of the smearing
produced by the shutter-less operation (see Sect. 4.3.3) of the frame transfer pnCCD.
The smearing is introduced because the sensor is permanently illuminated, and thus, the
charge wells keep collecting signal while they are being transfered to the frame store area
after each exposure (see e.g. Hoslst 1998).

We will define the signal (expressed in DN) read in pixel {x,y} of frame No. n, fz’y,
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Figure 5.2. pnCCD camera system used in FSP. The camera housing and main connectors —
including the water cooling and vacuum lines— can be seen in the CAD rendering (a). The
internal divisions, i.e. one evacuated compartment that contains the image sensor and one sepa-
rated compartment to secure part of the front-end electronics, can be appreciated in the rendered
CAD cross section (b). A large portion of the front-end electronics —including the sensor power

supplies, the eight ADCs, the Peltier cooler controller and the sequencer among others— is lo-
cated in an external 19-inch rack (c).

an

Ioy=T. +ILicy+1lospuy+ Ny  +Nj  +N:,  +N,, . (5.1)
where I_ﬁ,y and I, are the smeared signals due to the photon and dark charges respec-
tively, I,rf.vy is the digital offset of the camera, N), , | is the photon noise, Ny
dark noise, Ny, ., 1s the read out noise and Ny,

using the following pnCCD camera calibration expression,

. is the
em.xy 18 the signal due to the common mode
artifact. Note that we have separated the different sources in the right hand side of Eq. 5.1
in their signal (deterministic values equal to the ensemble average of the corresponding
random processes) and noise (random processes) components. To describe the statistical
properties of all these terms, let us define the time and space sample average operators
(unbiased estimators of the corresponding expected values) as (), and (),, respectively.
In addition we denote the time and space sample variances (unbiased estimators of the
corresponding variances) as O'(Zn) and a(zxy) respectively. In Eq. 5.1 we have assumed, con-

sidering time and space samples large enough, the following (which are further discussed
in the rest of the chapter):

n

e Dark current and offset do not change in time: (I_Z’x’y),, = I_d,x,y and <Ioff,x,y>" =
L,¢¢.xy. We define the bias or dark corrected signal as IAZy —Liny = Loty

o All the noises are time and space uncorrelated, thus all cross covariances between
N terms are null.
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o (N . on=AN, on =Ny n = (Ngypydn = (N, >xy:<Nn >xy:<Nn >xy:()-

DX,y d,x.y r0,X,y cm,y P-X,y d,x.y r0,X,y

e The common mode is random in 7 and y but it is constant for a given row (x), thus
(Nomxydx = Neyy and (N¢, ), = 0. Note that this makes possible its correction
and thus we call it noise when referring to its n and y behavior, and artifact when
referring to its x behavior. We define the common mode corrected signal as IAZ,y -
Ny

In the remaining part of the present chapter we elaborate on all the terms in the right

hand side of Eq. 5.1, in order to characterize their value for the pnCCD camera, quantify
their polarimetric effect and/or study their correction techniques when relevant. Most of
such results were obtained for a frame rate of 400 fps (because it is the FR of FSP II) and
a conversion gain of 8.7 (because it is the maximum allowed by the camera and provides
the best S NR). In addition, this is the regime for all the measurements shown in Ch.
6. Note, however, that the methods utilized in this chapter can be applied to a different

regime without modifications.

5.2.1 Frame transfer model

The camera-modulator synchronization can be appreciated in Fig. 5.3, which details the
acquisition of a single pixel in row No. y of frame No. n. The position y=0 corresponds
to the first non-shielded row of the lower image area of the sensor (see Fig. 5.1.b). Note,
however, that the following analysis is the same for the upper image area and any semi-
column of the sensor* (thus we drop the x coordinate). The upper sketch of Fig. 5.3
illustrates the position of charge well No. y during the duration of the frame acquisition,
i.e. between time instants ¢, and ¢,.; with 1/FR = t,.; — t,. The lower sketch shows the
temporal variation of the photo-charges flux generated at pixel No. y, i,(#). The switching
of iy(¢) (lasting #,) is produced by the action of the modulator on the incoming beam.
The switching of the FLCs’ optical axes are smooth and (approximately) symmetric with
respect to their inflection points (Dubreuil et al. 2010), therefore we have adopted the
same transition profile for i,(f). Moreover, we consider the flux to be constant between
transitions, with value 7 and i;?“ for frames No. n and n + 1 respectively. The black
boxes denote the frame transfers, which last N,,,t,/2 ~ 34 us, with ¢, being the period
of the charge transfer clock. We have delayed the camera trigger (beginning of each
frame transfer) with respect to the beginning of the modulator switching (at the end of
t.), in order to ensure that the full frame transfer takes place during a phase of stable
illumination.

In the scenario described above, charge well No. y acquires both photon and dark
(thermal) charges during (a) a fraction of the first frame transfer that takes place after
exposing frame No. n — 1 —where the initially empty charge well moves from position
Nyow/2 — 1 to y + 1—, (b) the exposure time (z,) of frame No. n —where the charge
well is static at position y—, (c) the switching time (z,) —where the charge well is also
static at position y—, and (d) a fraction of the second frame transfer that takes place
during frame No. n + 1, where the charge well moves from position y — 1 to 0. For

“We neglect charge transfer inefficiencies (see Sect. 5.1.1), pixel blooming and any crosstalk between
semi-columns. The latter is partially justified by the pnCCD detector (visible) PSF, which according to Thle
et al. (2008) has a full width at half maximum (FWHM) lower than 24 um (half the pixel size).
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Figure 5.3. Frame transfer and camera-modulator synchronization. The upper sketch shows the
position of charge well No. y in a semi-column of the pnCCD lower image area, during the
acquisition of frame No. n (which lasts #,.; — t, = 1/FR = 2.5 ms). The lower image illustrates
the temporal variation of the photo-charges flux at pixel No. y, i,(r). We consider a smooth
switching (lasting #; & 100 us) of the modulator with a profile that is symmetric with respect to
its inflection point (black dot). Moreover, the flux is assumed constant between transitions for
all pixels, i.e. during the exposure time (f,) and the frame transfers (black boxes with duration
Nyowt:/2 ~ 34 us). The camera trigger (beginning of frame transfer) is delayed with respect to
the beginning of the modulator switching (at the end of 7,) to facilitate the post-facto numeric
correction of the smearing. See the text for extra details. Image adapted from Iglesias et al.
(2015).

the particular case in which the sensor illumination is approximately constant between
consecutive frames, the smearing signal accumulated during (a) and (d) is also constant
in time. Powell et al. (1999), see also Ruyten (1999), developed a numeric technique to
eliminate, post-acquisition, the smearing signal introduced in such a constant illumination
regime.

If the light entering the modulator is strongly polarized, e.g. in the presence of strong
instrumental polarization, large Zeeman signals from solar active regions or during po-
larimetric calibration, the intensity of consecutive frames may vary considerably. In such
a highly variable illumination regime, the technique by Powell et al. (1999) can not be
used. We reformulated the smearing model (Iglesias et al. 2015) to consider the variable
illumination profile shown in Fig. 5.3, by writing the I_Z,y and I, in Eq. 5.1 as (recall
that we dropped the x coordinate)

Nrow/2_1 1 y_l
=Gyt Y i+ ity + 5160 +i™) + it Y 17 (5.2)
J=y+1 j=0
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5 Characterization and optimization of a pnCCD camera for fast imaging polarimetry

and
wa/z—l -1 - mw/2+y_1
Id’y = Gy id’y(l‘e +1)+ 1 Z id,j + 1 Z id,j + 1 Z id,j R (53)
jZO j:_wa/2+y j:_wa/z
JjEm

respectively. Note that G, is the pnCCD conversion gain and that the optical gain of the
setup (which is treated in Sect. 5.4.5) is not relevant because of how i’y’ was defined. The
terms in the right hand side of Eq. 5.2 are due to the signal acquired during the above-
mentioned stages, i.e. (a), (b), (c) and (d) for the first to the last term respectively. The
specific form of the third term is due to the assumed symmetry of the i{ transition profile
(Fig. 5.3). The ad hoc coefficients k; and «, were included to facilitate experimental tun-
ing of the model, e.g. to contemplate possible differences in the photocharge-generation
efficiencies of the static and transferring clocking states, compensate the effects of syn-
chronization errors between the pnCCD readout and flux switching (see below), etc. Anal-
ogously, the first term in the right hand side of Eq. 5.3 is due to stages (b) and (c), and
the second term due to (a) and (d). The third and fourth terms represent the dark signal
acquired when the charge wells are transported inside the frame store area (Fig. 5.1), dur-
ing the readout process (with readout clock period #,,). In the latter we have considered
the position index y to be negative, from —1 (corresponding to the row of the frame store
area next to the image area) to —N,,,,/2 (corresponding to the row of the frame store are
next to the readout nodes).

If we assume that the differences in G, among the pixels in a semi-column are small®,
and define the unsmeared signal acquired during z, as

I} = Gyt.iy, (54

and the smearing parameters «, 6; and 9, as

I K1l K,
= —, 0 = — and 0 = —. 5.5
a o V= 2= (5.5)

Then we can write Eq. 5.2 in matrix form as follows,

I' = AI' + BI""', (5.6)
¥y m n mn T
where the smeared and unsmeared semi-columns are given by I' = [IO, I, oy, o 1]
and I" = [13, I, Iy /2_1]T respectively, and the frame transfer matrices A and B are
defined as
l+a 01 ce 01 a 0 ... 0
0 l+a ... 01 0, a ... 0
A= . . ) . and B=|. . . 5.7
0 0 0 1+a 0, 00 0 «

SRecall that in the pnCCD there is one readout channel per semi-column. This assumption can be
avoided if desired just by working with all the images expressed in electrons, i.e. dividing each pixel by its
corresponding conversion gain.
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5.2 Camera-modulator synchronization and camera calibration

Eq. 5.6 evidences that the frame transfer with highly variable illumination introduces
not only the obvious spatial correlation between the pixels of the considered semi-column,
but also a temporal correlation between the semi-column in frames n and n+1 (see Iglesias
et al. 2015). In the present analysis we have considered the delay of the camera trigger to
be exactly the modulator switching time (¢). In practice, however, we have not measured
t,® and thus we have imposed a camera-modulator trigger delay of 100us, to ensure
that it is longer than the f,z; = 50us (Sect. 4.2.1). A t; < 100us may produce a
slight reduction of the polarimetric efficiencies and of the smearing correction quality.
Therefore, the accurate measurement of 7; and tuning of the camera-modulator trigger
delay remains as future work.

5.2.2 Frame transfer correction

For a given set of smeared semi-columns, I = [(iO)T, ar,...,av "”_I)T]T with Ny, >
2 € N, and considering that the matrices A and B are triangular, the desmearing can be
efficiently done by solving iteratively Eq. 5.6 from pixel No. N,,,/2 — 1 to 0 and frame
No. Ny, — 1 to 0, provided the final condition IV is known.

The I are estimated from the measured intensities after correcting for the common
mode artifact and subtracting the smeared dark frame, i.e. neglecting the noise contribu-
tions in Eq. 5.1 we can write (recovering the x coordinate)

Iy~ T —Tocy—Loprcy — N (5.8)

=~ .
X,y cm,y

On the other hand, the difficulties in obtaining 1Y/ can be avoided after considering
that the homogeneous solution of Eq. 5.6, i.e.” (=A™'B)' IV =HNrm="[Vrm s highly
damped, see Fig. 5.4. Therefore, the error introduced by assuming that IV = I ””_1,
can be reduced to negligible levels provided a few frames at the end of the series are
dropped.

The desmearing algorithm operates on many smeared semi-columns that are noisy
(recall that we neglected the noise when writing Eq. 5.8). Therefore, the noise in the in-
dividual corrected images is larger than the noise in the individual input images. To study
the overall conditioning (error propagation) of the algorithm, we can write the solution to

Eq. 5.6 for all n as follows

I =UI + HIY, (5.9)
where the block-matrices H and U are
H = [(@Y), @V, D] (5.10)
and
A™ H'A™ BAT . HYTIAT
0 A'!' HA' ... HY2A!
U= . ) ) . ) , (5.11)
0 0 0 ... Al

%The modulator #, can be larger than f,; . of the individual FLCs if, for example, their driving signals
are slightly out of phase, or the switching profiles are not exactly symmetric or equal.

"Here we use upper scripts of time independent matrices to denote exponentiation. Recall that the con-
tribution of the final condition to the general solution of a difference equation, is given by the homogeneous
solution.
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Figure 5.4. Errors in the desmeared images due to uncertainties in the final condition of Eq.
5.6. The plot shows the euclidean norm of the homogeneous solution, | HY/~" |, versus the
index of the desmeared frame. The curves in each set, continuous for @ = 0.0% and dotted for
a = 10.0%, correspond to N,,,,6/2 = 0.5,7.0,13.5 and 20.0% from left to right respectively.
The figures were computed using d; = 6> = 6 and N,y,/2 = 512 (the value for theFSP II
sensor), although they are practically insensitive to Ny, for Nyo, >> 1. Ny, 0/2 is the ratio of
the total transfer time to the exposure time (for the pnCCD working at 400 fps, N, 0/2=1.8 %
and @=2 %). Image adapted from Iglesias et al. (2015)

respectively, and 0 is the N,,,/2 X N,,,/2 null matrix. If we neglect the contributions
of HIY/™ (Fig. 5.4), the propagation of the relative errors (NSR) in I when applying
Eq. 5.9, is upper bounded by the condition number of U®. From Fig.5.5, it can be seen
that the condition number of U for the pnCCD working at FR = 400 fps is ~1.01, thus
only a ~1 % increase of the NS R in the images is expected after applying the desmearing
algorithm.

If the Stokes vector at the input of the FSP modulator is constant in time, the measured
intensities repeat cyclically every N,,,; = 4 images. In this case, Eq. 5.6 can be solved
for a single period of the input, I = [(iO)T, aHyr, @, (13)T]T, without the need of a final
condition. The corresponding desmearing expression can be written in block matrix as,

~_]=

I=U 1, (5.12)

where the 2N,,,, X 2N,,,,, block circulant matrix (de Mazancourt and Gerlic 1983) Uis,

A B 0 0

- 0 AB O

U= 0 0 A Bl (5.13)
B 0 0 A

Note that, Eq. 5.12 is linear and thus it can be applied after averaging any number of
periods, reducing this way the computational load. The numeric inversion of U is not
a problem because it has to be done only once. On the other hand, the product in the
right side of Eq. 5.12 may be computationally expensive because it has to be performed

8The ratio of the largest to the smallest singular values of U (Press et al. 2007a).
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5.2 Camera-modulator synchronization and camera calibration
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Figure 5.5. Error propagation in the desmearing algorithm. The plot shows the condition number
of U, i.e. the upper limit for the propagation of the relative errors of I in Eq. 5.9, versus the
parameters product N,,,,d/2. The curves correspond to @ = 0,4, 8,12, 16 and 20% from bottom
to top respectively. The figures were computed using 61 = 62 = 6, Ny /2 = 512, Ny, = 10 and
different values of « (although they are practically insensitive to Ny, and Ny, for N, >> 1
and Ny, >> 1). As expected, the restoration becomes monotonically worse conditioned for
increasing ¢ and a (for the pnCCD working at 400 fps, N,,,0/2=1.8 % and a=2 %). Image
adapted from Iglesias et al. (2015)

once per image column. The latter is important to FSP II due to the larger sensor area,
therefore, its optimization remains as future work’.

For a given « and 6, the relative error introduced by the smearing in the fainter pixels
increases with the contrast of the corresponding semi-column and with the ratio of the
semi-column intensity in the two consecutive frames considered (given by the polariza-
tion degree of the incoming Stokes vector). The latter produces that, even for a fixed
incoming S, the artifact level is differential, i.e. varies among the four intensity images
of a given modulation cycle. Therefore, after demodulation, the smearing will appear as
a polarimetric artifact, i.e. not only in the retrieved / but also in Q, U and V. This can
be seen in the example shown in the first row of Fig. 5.6a. The same presents the four
modulated intensities —after applying Eq. 5.8 and averaging several modulation cycles—
acquired with FSP, when measuring a USAF target illuminated by pure linearly polarized
light (generated by the FSP calibration unit). Such an example constitutes an extreme
case because the contrast is large, the illumination between consecutive frames can vary
up to ~10 times (| p |~ 100 %), and the frame rate is high (FR=700 fps). In the second
row of Fig. 5.6a, we show the results of the desmearing algorithm given in Eq. 5.12 when
applied to the images in the first row. The quality of the desmearing can also be seen in
the cross sections plotted in Fig. 5.6b and c.

9Two possible approaches to do this are (a) finding only an approximate solution iteratively by first

guessing I° and (b) using the fact that ITI is also block circulant and band dominant (Vescovo 1997) to
implement an efficient multiplication algorithm.
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Figure 5.6. Frame transfer artifact correction. The first row of image (a) shows the four modulated
intensities (only a fraction of the sensor area) after averaging several modulation cycles, acquired
with FSP working at 700 fps, when measuring a USAF target illuminated with constant, linearly
polarized light. The mean values of the bright areas in the images are 1950, 2828, 2825, and
297 DN for States 0 to 3, respectively. The white lines in State 2 mark the location of the
horizontal cuts shown in (b). Analogously, the white lines in State 3 indicate the center of the
vertical average of a 4-pixel-wide horizontal stripe presented in (c). The second row in image
(a) shows the result of the smearing correction (Eq. 5.12). In both (b) and (c) the values for
the smeared (dashed) and corrected (continuous) images, as well as their difference (dotted), are
given in percentage of the mean value in the bright areas of the corresponding smeared image.
Adapted from Iglesias et al. (2015).

5.3 Gain and linearity

The most common technique to measure the camera conversion gain and linearity is the
photon transfer curve. There are few variants of such a technique (see Bohndiek et al.
2008, for a description and a comparison) which can be applied in case the camera re-
sponse is expected to present large (>10 %) non-linearities, e.g. as seen in some CMOS
sensors. Here we use a mean-variance analysis because the pnCCD response is linear to
a very high degree (<1 %, see below). The procedure we followed is described below:

1. A fast LED light source —driven by a 400 Hz rectangular signal of variable duty
cycle (DCrgp), synchronized with the frame readout— is used to linearly vary the
input intensity of the camera. For each DC/gp value, 400 frames (spanning 1 s) are
recorded. This is repeated many times (~20) to minimize the long term variation of
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5.3 Gain and linearity

the illumination and reduce the uncertainty in the estimated values.

2. Assuming a time invariant conversion gain, we can write the temporal variance of
the dark and common mode corrected signal in pixel {x, y} of frame No. n, f:omx’y,
as follows (see Eq.5.1 and 5.2)

an

Oforr,x,y,(n) = GX,y<Icorr,x,y>n + O-Z,X,y,(n) + U%o,x,y,(n)’ (514)
and obtain G, from a linear fit, see Fig. 5.7. Note that we have not probed
the whole dynamic range, which goes up to ~12000DN, because during nor-
mal observations at the telescope, the signal per resolution element rarely exceeds
~5000 DN(581 ¢7).
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Figure 5.7. Measured pnCCD camera gain. The leftmost plot shows the spatially averaged,
photon transfer curve (referring to the left scale) along with a linear fit and the corresponding
residuals (referring to the right scale, see legend and Eq. 5.14). The rightmost image presents the
conversion gains derived for each pixel of the sensor, as well as their spatial average and standard
deviation (title). Note that the dominant spatial variations of G, are due to the differences in
each CAMEX (four quadrants) and in each readout channel (semi-columns).

Non-linearities (NL) in the camera response are important for high-sensitivity po-
larimetry. They can introduce artifacts that depend on the measured Stokes / —and thus
are non-flat across the FOV— and that scale with the instrumental polarization (Keller
1996). To study this, we measured the camera NL in the lower part of the dynamic range,
see Fig. 5.8. Let us assume that the camera response presents a spurious second order term
(the simplest form of NL) and in addition that the dark correction is not perfect. Then,
we can express the dark and common mode corrected intensity as follows (dropping the
pixel indices and neglecting noise and smearing, see Eq. 5.1 and 5.4),

corr

I, =y (" + 1"+ AL, (5.15)

were Ky, 1s the second order coeflicient and A/, is the residual offset term (both assumed
time constant).
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Figure 5.8. Measured pnCCD non-linearities. The plot shows the mean detected signal (referring
to the left scale) versus the duty cycle of the LED lamp used to illuminate the sensor (horizontal
axis); along with a linear fit and the associated non-linearity (referring to the right scale) for
a measurement acquired on the date 2015.07.14 at 16:34 (see the legend). The NL are rather
constant and thus they can be reduced by calibration. Here we present the resulting NL of two
extra measurements —one on the same day at 13:18 and the other one taken on 2015.07.08 at
10:15 (see legend)— after subtracting the residuals from 14_1634.

Let us call the Stokes vector at the input of the modulator S = I[1, Kinss, Kingt Kinst]”

an

(with ki, € R due to instrumental polarization). Then, by demodulating the /. in Eq.
5.15, we can write the error introduced by a non-zero «y;, and Al ¢ as,
AS = S.or — S = ky D (0S)* + Al DI[1,1,1, 1717, (5.16)

were the square is done element-wise. Using the O given in Table 4.6 and D = O !,
we have computed the errors in the normalized Stokes V (Av, which is larger than Ag and
Au) obtained from Eq. 5.16, for different xy; (assuming Al,;s = 0, Fig. 5.9.a), Al ¢
(assuming «y; = 0, Fig. 5.9.b), and values of the input S. In addition, using the results
of a second order fit to the measurements in Fig. 5.8, we estimated the values of xy; and
Al, sy for the pnCCD camera, see Fig. 5.9c and d respectively. Note that, the lower right
quadrant of the sensor has clearly lager NL and presents a worse dark correction. The
column-wise variation suggests a defective or wrongly configured readout CAMEX (see
Sect. 6.4).

From a comparison of say the spatial mean plus two sigma values of Al,s¢(~5DN)
with the curves in Fig. 5.9b, it can be stated that the errors can be kept ~1 x 10~* provided
that x;,; ® 1 %. On the other hand, by comparing the mean plus two sigma value of «y,.
(~2.5 x 107 DN™!) with Fig. 5.9a, we can see that even for «;,, = 1 % the errors are few
times above 1 x 107, This situation can be improved by calibrating the sensor NL, which
is possible thanks to the stable sensor response, see Fig. 5.8. By using this technique the
value of ky; can be easily reduced by one order of magnitude, leading to errors below
1 x 10~ for i,y = 1%. Such a NL correction has not been implemented in the FSP
reduction routines and remains as future work.
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Figure 5.9. Polarimetric error introduced in the retrieved normalized Stokes V by second-order
non-linearities (kyz, image a) and residual offsets (Al, s, image b), calculated using Eq. 5.16.
In both (a) and (b) the figures were computed for two levels of instrumental polarization (kjys,
see legends) and three values of the incoming intensity /, namely 300 (thinest lines), 1500 (mid
thickness lines) and 5000 DN (thickest lines). The measured values of «xy; and Al, s for the
pnCCD camera are given in images (c) and (d) respectively (along with their spatial means and
standard deviations in the titles). See the text for extra details.

5.4 Camera noise

5.4.1 Common mode correction

Typically in CCDs the readout is done serially, by transferring the charges from each ver-
tical register to an horizontal transfer register ending in a readout stage. Phenomena like
interferences, artifacts in the clocking signals or variation of the bias voltages, among
others, affect the readout stage and tend to increase the readout noise of the camera. Dif-
ferently, the pnCCD sensor has a parallel channel readout implemented by four CAMEXSs
(Fig. 5.1b). All the readout channels located in each CAMEX share, among others, the
bias circuitry and timing lines. Therefore, phenomena such as those named above intro-
duce spurious signals (denoted here as common mode artifact) that affect simultaneously
and equally all the readout stages belonging to a single CAMEX. The common mode
artifact manifests itself as an additive offset that is equal for all the pixels in the same
semi-row of the sensor (N, ,, see Eq. 5.1) and varies from frame to frame. The latter
implies that the common mode appears (with equal spatial properties) in the polarimetric
images, and, considering that it dominates the noise of dark images, it has to be reduced
in order to do high-sensitivity, narrow-band polarimetry.

The post-facto correction of the common mode implies estimating and subtracting
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5 Characterization and optimization of a pnCCD camera for fast imaging polarimetry

N¢,, in every semi-row (y) and frame (n). Such estimation can be done only by using
channels that contain no photon signals. In optical applications, this requires shielding
few vertical registers of the sensor'?, as done in the pnCCD camera (Fig. 5.1b). For
the pixels associated to a single CAMEX, we can express the estimated common mode
signal, N.,., as the average of N, shielded columns {xs¢, xs1, ..., xsy -1} computed after

the image has been dark corrected, as follows (see Eq. 5.1)

1 XSNys—1

Ny = > (Nooy+ Ni +Ni )+ NG, = AN, + N (5.17)

p.x,y d,x,y ro,x,y cm,y cm,y cm,y?
X=XS0

where AN"  represents the residual common mode which is not zero, because N,; is

cm,y

generally too small for the sum of the noises to get sufficiently close to its expected value
of 0 e"rms. The common mode correction reduces then to (see Eq. 5.1)

~n an -
Icorr,x,y - Idark—corr,x,y - Ncm,y
B~ - o
- Ix,y - Id,x,y - IOffJC,y - Ncm,y (518)
_ n n n _ n
- IX,)/ + NP,X,}‘ + dx,y + Nro,x,y A]\'/'cm,y'

In order to have a good correction, the minimum N, required has to produce an rms
residual common mode noise, O'icmxy, that is small compared to the other sources of
2

camera noise, i.e. o, . << Ufl,x’y + O'%O’X’y. For the pnCCD sensor used in the FSP
prototype a large N,,=8 was foreseen, in order to help estimating the minimum value
required to achieve a good correction, and help in the design of the larger sensor for
FSP II'!. We investigated this by (a) acquiring 4648 dark frames —at FR = 400 fps and
Tccp = —25°C— in order to eliminate f';’y and N7, ., from Eq. 5.18; (b) applying dark
correction to each frame by doing fflark_corr,x,y = IAZ,}, - (IAZ,},),,; and (c) correcting for com-
mon mode each frame by applying the first expression in Eq. 5.18, using different N,;.
The results of this analysis are presented in Fig. 5.10. As can be appreciated there, the
common mode dominates over all the noise sources in the individual frames (see Fig.
5.10a). As a consequence, even the correction using a single shielded channel (N, = 1),
reduces considerably the artifact level (see the plot in Fig. 5.10c). The correction is ex-
ponentially less effective with increasing N,, and thus, using N,,; = 3 already reduces the
noise in the images by 85 % . Another important aspect, which cannot be addressed using
dark frames, is the fact that for illuminated frames the shielded channel that is closest to
the image area is exposed to considerable amounts of stray light. As a consequence, it
cannot be used for common mode correction. For this reason we adopted N,; = 7 for the
correction of all the data presented in this work.

10Tnitially, the pnCCD was used for X-ray imaging in astrophysical applications (Sect. 5.1). In this case,
the common mode correction does not require shielded channels, because the X-ray detections are spatially
sparse and thus much of the sensor is not illuminated in each exposure.

"Having a large N, has not only the drawback of a reduced usable sensor area, but also presents serious
routing problems for the design of a larger pnCCD, which requires more than two CAMEXs to read each
half of the sensor.
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Figure 5.10. Common mode artifact correction. A single bias-corrected, dark frame is shown
before (a) and after (b) the common mode correction (using N,;=7 shielded channels of the
pnCCD). The plot in (c) presents the spatial average of the temporarily-estimated (using 4648
dark frames), rms noise of the individual pixels, o cosrx,y,(n), Versus the number of shielded chan-
nels used for common mode correction. The error bars denote the spatial standard deviation of
T corrxy,n)- A conversion gain of G = 8.68 DN /e~ was used. See the text for extra details.

5.4.2 'Total camera noise

For the case of N,, = 7, the mean total camera noise can be estimated from the corre-
sponding value of (T ¢o/r,xy,m))xy found in Fig. 5.10, namely (dropping the pixel indexes)

o \/ag + 02, + 02 =494 +0.16¢ rms. (5.19)

Note that, in this definition of o, we do not include PRNU (dark frames were used and
the noises were estimated for each pixel individually) because its residual value depends
on the quality of the flat fielding procedure (Sect. 6.1.1). Analogously, we do not include
the residual FPN after dark correction (the noises where estimated for each pixel individ-
ually) because per frame it is well below the other noise values in Eq. 5.19. The latter
can be seen by computing the temporal average of the spatially estimated total noise in
the corrected dark frames used to produce Fig. 5.10, i.e. (T corr,(xy))n = 4.94 £0.02 e71ms,
which is equal to (T corr xy,m))xy gIven in Eq. 5.19.

5.4.3 Exposure time stability

A difference in the exposure times of the four modulation states, introduces an artificial
polarimetric offset (flat across the FOV, see e.g. Martinez Pillet 2007), which is generally
not critical because (a) the signals are measured with respect to the nearest continuum
spectral point, and (b) the polarimetric offset is generally dominated by the instrumental
polarization. Since many modulation states are usually averaged to increase S NR, only
a difference in the mean values of the exposure times will produce a polarimetric offset
in the accumulated Stokes images. On the other hand, random variations of the exposure
time (jitter) only increases the noise in the accumulated images. When writing Eq. 5.1
we did not contemplate the noise introduced by such a jitter. This is because in FSP the
camera frame transfer is triggered by the function generator that drives the modulator

91



5 Characterization and optimization of a pnCCD camera for fast imaging polarimetry

(see Sect. 3.2.2), which is very stable (see Sect. 4.3.3). Each frame of the pnCCD camera
carries a 1 us accuracy time stamp. For example, in a series of 28426 frames acquired
with FR=400 fps, we measured a mean frame acquisition period (time difference between
consecutive time stamps) of 2.500 ms with a standard deviation of 2.53 us.

5.4.4 Readout and quantization noise

The noise in common-mode-corrected, dark frames —temporally estimated for each pixel
using many frames— can be decomposed as follows

2 _ 2 2 2
Gcorr,x,y,(n) - O-d,x,y,(n) + O-ro,x,y,(n) + O-Acm,x,y,(n)

2 . 2 2
= Gx,yld,x,y I+, +1, (Nr()w - y) + troy +0 + O-Acm,x,y,(n) (520)

ro,%,y,(n)

2

_ 2 2
- GX»yldsx’yt tor + T ro,x,y,(n) + O-Acm,x,y,(n)’

where we have used the last equality in Eq.5.18 (assuming I-iy = 0); and Eq. 5.3, assuming
that iz ., of the pixels in a single column are approximately the same. t,, is the total
lifetime of the charge wells during each acquisition, which depends on the y coordinate
of the considered pixel. The most common technique to measure the readout noise of the
camera involves acquiring many ’zero-exposures’ frames, 1.e. with t,, short enough to
make the dark noise contribution (first term in the right hand side of Eq. 5.20) negligible.
Note that, in frame transfer CCDs, the minimum possible t,,, is #; (N, —y) + t,,y. For
cameras with large o .y ), fast readout and frame transfer (small ¢,, and t,), usually
the minimum #,,, is small enough to allow and accurate measurement of 0, ., . In the
pnCCD, however, this is not the case and thus we measured o, () by acquiring frames
with the charge transfer direction reversed, i.e. no charges are deposited in the readout
capacitance. This is practically equivalent to do ¢, = O ms at the expense of loosing any
dependence of 0, .y, On y. The latter is not a problem because each semi-column of the
sensor has its own readout channel. We acquired 1000 frames in such a reversed transfer

mode for different frame rates, and computed o corr vy, () = (O’fo’x’y’(n) + o-icm,x,y,(n))l/z’ see
Fig. 5.11. Note that, 0 ¢,y does not depend on FR because the readout is done at a
fixed frequency (z,, is constant).

The ADCs used to digitalize the anlog outputs of the CAMEX have a resolution of
Naa. = 14bit with Ngyop = 10ENOB. Therefore, the contribution of the quantization
noise (see Eq. 3.3) to the readout noise is small, i.e. N,;.=0.53 ¢"rms for a conversion

gain of G=8.68 DN /e™.

5.4.5 Dark noise, offset and dynamic range

Comparing the measured mean value of 0y xy,n) at FR=400fps shown in Fig. 5.11 with
Eq. 5.19, it is evident that the total camera noise is dominated by the readout (plus residual
common mode) noise for the normal working temperature of 7'ccp = —25 °C. Moreover,
a rough estimation of the dark noise in this regime is v4.94 —4.93 = 0.31 e"rms. Since
the total lifetime of the charge wells (t,,,, see Eq. 5.20) depends on the y (row) coordinate,
and t,, (~8.66 us) is larger than ¢, (~0.26 us), the pixels located near the center of the
image will accumulate on average more dark charges.

92



5.5 Photon-noise limited regime

chorr (H)Q,y:4'93; ocorr,x,y,(n)(x,y 0.17 T T T T T T T T T T T T T T T
250 5.2 B
200 i T
- L ]
X ‘0) | p
a8 9,
100 < | :
50 24.8
0 | |
0 50 100 150 200 3 R
pixel 46 [~ 7
””waw L i
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
44 46 48 5.0 52 54 200 400 600 800

O-corr,x,y,(n) [e_rms] FR [fpS]

Figure 5.11. Measured readout plus residual common mode noise of the pnCCD camera. The
leftmost image shows the temporally-estimated noise in 1000, common-mode and bias corrected
dark frames. The frames were acquired at a frame rate of FR=400{ps, and with the charge
transfer direction reversed in order to avoid any contribution from thermal charges. The same
procedure was repeated for different FR, the resulting mean values of the noises are shown in
the rightmost plot. See the text for extra details.

A typical bias frame used for dark correction at FR=400 fps is presented in Fig. 5.12,
including its time stability. From the latter it can be seen that the bias of the lower right
(LR) quadrant presents a slightly worse time stability than the upper left quadrant (UL,
which is similar to the other quadrants), i.e. the standard deviations of the curves for LR
and UL are 7.6 and 5.3 DN respectively. This may be the reason for the increased residual
offsets detected in the LR quadrant in Fig. 5.9d, although its confirmation requires further
investigation. Note that the bias frame shown in Fig. 5.12 presents few (~ 16) hot pixels
(with values from 300 up to 3000 DN above the spatial mean). The source of such pixels
has not been identified, however, they are filtered out during data reduction.

Using the spatial mean value of the bias frame given in Fig. 5.12, <i2ark,x,y>ﬂ,X,y’ and
the previously found G=8.68 DN /e~ and o ,,=4.94 e rms; we can estimate the dynamic
range per frame of the pnCCD camera to be (2N“df - <iflark,x,y>n,X,y) /(GO cam) = 285.

5.5 Photon-noise limited regime

As discussed in Sect. 2.1.4, solely the photon-noise imposes severe constraints on the
achievable S NR when doing high-resolution, imaging spectropolarimetry of dynamic so-
lar signals. Therefore, reducing any noise contribution from the camera or modulator is
very important. To illustrate this, let us express the required number of Stokes images
(Ngu, 1.e. four times the number of intensity frames) that need to be averaged, in order
to achieve a desired noise level in the normalized Stokes parameter i € {I, g, u, v} (o) as
follows

2
Kint T cam
Not = 1+ , 5.21
" E?Nmodo-iz<l >n( 0_127 ) ( )

where k;,; = 1e™; (I'), is expressed in e”, i.e. we redefined (I'), — (I'),/G (see
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Figure 5.12. Bias frame of the pnCCD camera operating at FR=400fps and Tccp = —25°C.
The plot on the left shows the temporal variation of the spatial mean value of the bias frame.
Each bias frame was computed by averaging 800 (spanning 2 s) dark frames. The three curves
correspond to the spatial mean calculated over the whole sensor area, one semi-column in the
upper left (UL) quadrant, and one semi-column in the lower right (LR) quadrant (see legend).
The initial value at /=0 min, was subtracted from the three curves. The rightmost image presents
the bias frame resulting from averaging all the 89600 (spanning 3.73 min) dark frames in the
series. See the text for extra details.

Eq. 5.2); we have dropped the pixel indexes; assumed that the images have been dark and
common mode corrected; and used Eq. 5.1 and 2.35. From Eq. 5.21 is easy to see that
the required N, (which defines the integration time) scales quadratically with the relative
changes in the modulator’s polarimetric efficiencies, and thus efficiency maximization is
crucial (see Sect. 4.2). Analogously, having a low camera noise compared to the photon
noise of the individual frames is very important due to the quadratic dependence of Ny
with o4, see Fig. 5.13. For example, if o, = 0, twice the integration time is required
compared to the case where o, ~ 0. Note that, in the latter case, Ny, scales linearly
with the relative changes of (I'),,, which are given by any property that affects the amount
of collected photons by the camera, most notably QF, FF and DC.

From the linear dependence of the relative increase (with respect to the oy, = 0
case) of Ny with the ratio o, /0 given by Eq. 5.21, we can define the photon-noise
limited regime. Considering acceptable an increase of the integration time of 10 % to
reach the goal o, then, the minimum mean intensity per frame is the one that produces

2

2 _ .
Teaml 0 = 0.1, 1.

<I—n>n,pn—limit = 100—5am' (522)

For the case of the pnCCD camera this value corresponds to I Ynpn—timir = 244 e~ (see Eq.
5.19). As an example, consider the next fastest polarimeter in Fig. 3.2, SPINOR which
has FR=100 fps and a 0,,=40 ¢ rms. Assuming the best-case scenario where 0., = 00,
SPINOR has (I" Inpn—timir = 16000 e™. Moreover, the relative increase in the integration
time required to reach any goal o; given any (I"),, is for SPINOR 66.6 times larger than
that of FSP.
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Figure 5.13. Integration time required to achieve a noise level of 1 x 1073 in the normalized
Stokes images, versus the total camera noise for different intensity levels ((I"),, annotated over
each continuous curve). Note that the vertical axis is in logarithmic scale. The figures were
computed using Eq. 5.21, assuming a frame rate of 400 fps and the parameters shown in the title
(note that for a given frame rate, the integration time is independent of N,,,;). The horizontal
dotted line indicates the typical lifetime of solar granulation (5 min). As an example, in the VTT
we obtained (working at the diffraction limit) a (I'",, of ~12 and ~300 ¢~ for the line core of Ca
1422.7nm and the continuum near Fe I 630.2 nm respectively (see Ch. 6). See also Table 3.2
for typical values of o, (which generally dominates o) in solar polarimeters.
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6 First light measurements

After integration of the main FSP components in the laboratory, the instrumental concept
was tested in five first-light campaigns. These were carried out using the 68 cm, German
VTT located in El Tedie observatory, Tenerife, between the years 2013 and 2015.

The present chapter describes some of the results of such observations, along with the
most relevant tasks that were carried out in order to obtain the final data sets. The empha-
sis is put on the data reduction pipeline (Section 6.1), for the reason that its realization
requires understanding the main components of the system and thus, is in close relation-
ship with the results obtained in Chapters 4 and 5. One example observation is given
for FSP working in spectrograph mode (Section 6.2) and two for the case of filtergraph
(Section 6.3). In addition, we present the results of the firsts applications of MOMFBD
to filtergraph-based FSP measurements, including a short overview of the different ways
in which the restoration of the data can be approached. The results of the presented mea-
surements are used to asses the performance of the polarimeter, including the achieved
polarimetric sensitivity and residual levels of SIC (Section 6.4). Some of the contents of
the present chapter have been published in Iglesias et al. (2016).

6.1 Data acquisition and reduction

In the following sections we describe in a nutshell the most important data reduction steps,
required to process FSP data. The same steps are applied for measurements carried out
with a spectrograph or with a filtergraph unless explicitly stated. A typical measurement
involves the acquisition of (a) science measurements, with modulated intensities I (b)
flat field measurements, with modulated intensities flars (¢) dark measurements, with in-
tensities idark ; and (d) polarimetric calibration measurements, with modulated intensities
Ical .

6.1.1 Intensity calibration

The first step involves the calibration of the modulated intensities acquired with the
pnCCD camera. This requires the following

1. Science data acquisition: Given a goal noise in the normalized Stokes vectors of
the science images, o, the required number of Stokes measurements (N,;) can be
derived from Eq. 5.21.

2. Missing frames and phase detection: Since the synchronization of camera and mod-
ulator is crucial to allow the demodulation of the acquired intensities, every single
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6 First light measurements

missing frame has to be carefully identified (using the time stamps, see Sect. 5.4.3)
and the full modulation cycle removed. Another critical aspect is the definition of
which of the four modulation states is considered the first one. Such a first state has
to be the same in all data sets, including the calibration measurements. One draw-
back of the pnCCD camera design was that the identification of the modulation
states corresponding to each frame was not implemented. Therefore a workaround
that includes an initial overexposure was used. This issue was taken into consider-
ation when designing the new FSP II camera.

3. Dark correction: Before or after the science images have been acquired, the dark
measurements are carried out. The number of dark frames required, Nyy—gark, can
be computed from o cum/ \/Nfrm-dark << 0 and Eq. 5.19. Then, the science images

are dark corrected by doing I’ fz,y - <i:liark,x,y>ﬂ (see Eq. 5.1).

corrO,x,y —

4. Common mode correction: Each frame is common mode corrected by applying Eq.
5.18. After this, the shielded channels of the sensor are cropped from all frames to

obtain /

corrl,x,y*

5. Frame transfer correction: The smearing is eliminated from each modulation state
(set of four intensity frames) by applying Eq. 5.12 to each column of I This

corrl,x,y*
results in the desmeared intensities IAZONZM. Note that Eq. 5.12 assumes a periodic
signal, i.e. a constant input Stokes vector. If this is not the case, Eq. 5.6 has to be

used (iteratively solved) instead.

6. Flat fielding: The acquisition of the flat field is done by randomly moving the
telescope in a quiet region of the Sun, around the same longitude as the science
observations, and disabling the AO correction. Since the telescope motion has a
fixed velocity, the faster the camera, the more frames have to be acquired to en-
sure the proper smearing of the solar structures in the background. From a noise
point of view, the number of flat frames required, Ny,— s, can be obtained from
VO cam® + Tpa)) IN frm—piar << 07, Where I, is the mean intensity in the flat images.

o

The corrected (after undergoing steps 2 to 5) flat field data, /;,,_.,.,,» are used
to eliminate the spatial variations of the gain table in the science data by doing
i’;orrii,x,y = iZorrZ,x,y * <f}lat—corr2,x,y>n,)€,y/<i7‘lat—corr2,x,)*>n~ This procedure takes into ac-
count both the spatial variations of the detector G and the optical gain of the setup.
In addition, since the average of all frames (independently of the modulation state)
of fjc,at_wrrz’x’y is used, no polarized components of the flat field can be corrected
using this technique. When using a spectrograph, the spectral lines are present in
the flat field! complicating the correction of the pixels located in the lines. To cope
with this, the spectral lines are numerically removed from (f;lm_wrrz’x’})n by interpo-
lating in the wavelength dimension. When observing with a multi-etalon filtergraph
in telecentric configuration (Sect. 2.2.3), as for the measurements presented in Sect.
6.2, the flat field is usually dominated by the etalons errors. Therefore we acquire
and apply an independent flat field for each spectral point. Given a spatially con-
stant spectral content of the incoming intensity during flat fielding, variations in

"Moving the spectral lines out of the FOV implies retuning the spectrograph setup which would modify
the flat field and produce an erroneous correction.
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6.1 Data acquisition and reduction

the etalon cavities (optical path length) and reflectance across their aperture, pro-
duce a spatial variation of the transmission profiles. The transmission profile of
the multi-etalon setup can vary in amplitude, width and spectral location. While
all these phenomena produce a spatial fluctuation of the output intensity, the flat
fielding process described above can correct only for local changes of the ampli-
tude and not for spectral shifts of the transmission profiles. The latter, however, are
higher-order errors that can be corrected in an extra step (not described here, see
de la Cruz Rodriguez et al. 2015) if required.

N

7. Image restoration: In this step, the modulated intensities ( /,,,,; ,,) can be option-
ally restored by using a MOMFBD, this is detailed in Sect. 6.1.5. Note that the flat
fielding procedure described in the previous step, only affects the resulting Stokes
I images. Thus it could also be applied after the polarimetric demodulation only
on Stokes /. We have done it in the 6th step, however, because it is required if the
intensity images are restored before demodulation.

6.1.2 Polarimetric calibration

The polarimetric calibration is done as explained in Sect. 4.3. We typically record
N., = 18 independent calibration inputs, see Fig. 4.5. When working with a filter-
graph, the calibration is acquired in the nearest continuum spectral position (see Sect.
4.3.2) and with the telescope moving in flat field mode, to ensure an unpolarized and flat
input for the PSG. This, however, contributes to increasing the input intensity fluctua-
tions (see foot note 10 on Sect. 4.3.1), which complicates the implementation of a field
dependent demodulation, see Sect 4.3.1. When working with a spectrograph, the cali-
bration is performed covering the same spectral range as the science data. The spectral
lines are excluded (due to the low S NR) when computing the spatial mean to obtain a
scalar demodulation matrix (Sect 4.3.1). The estimated demodulation matrix, ﬁ, is used
to demodulate the science data by doing Sx,y = I’\)iwrr&x,y for each modulation cycle.

6.1.3 Frame accumulation and polarimetric normalization

After demodulation, the N, Stokes images acquired are normalized (Eq. 2.11) and accu-
mulated to reduce noise. The accumulation and normalization operations do not commute
and thus an order of application has to be selected. Considering Stokes Q, the two pos-
sible options are (QAZ’y /IAZ’y),, and (QAZJ),, / (IAZ’y),,. Out of these two options, only the latter
is an asymptotically (for Ny — oo) unbiased estimator for the ratio of the expectation
values, Q,,/1,, (see Fig. 6.1). The second order approximation to the expected value of
both estimators is (see van Kempen and van Vliet 2000),

QAZ X,y <QAZ >" X,y ias
& < ~ ,y> = Q > + Kbias and & An,y = Q & + al . (61)
Ix,y <1x,y>n Ix,y Nstk

l

XY T n

where kpios = (Q,, 1[DN] - O'ZQ’ ,’x’y) / Iiy, & represents the expectation value operator and
O'ZQ’ Iy is the covariance between Q, , and I, ,. Note that /, , is in the denominator of k4,
this produces a crosstalk from Stokes / which is spatially non-flat and increases for short

exposure times.
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Figure 6.1. Frame accumulation and polarimetric normalization. Image (a) shows the averaged
Stokes I of near 5 x 10* (8.3 min) measurements, (f:iy),,, acquired with FSP in filtergraph mode
and with the modulator package disconnected, i.e. no polarization signal is expected. No flat
fielding was applied and thus the contrast of (f;’y)n is practically dominated by the etalons cavity
errors. The difference of the artifact introduced by the «;,s term of Eq. 6.1, is evident in the
Stokes images that where accumulated and then normalized ((QAZ’y)n / (IAZ’y)n, image b) and vice

versa ((Qz’y /IA’;’y)n, image c). Adapted from Iglesias et al. (2016).

6.1.4 Instrumental polarization

The modulation matrix estimated during the polarimetric calibration includes the polari-
metric action any optical element that is placed in between the PSG and the polarization
analyzer of the modulator 2. During the observations presented in this chapter we placed
the PSG immediately in front of the modulator (see Fig. 4.1c). Therefore, after all the
reduction steps presented in Sect. 6.1.1, 6.1.2 and 6.1.3 have been applied, the measured
Stokes vector (S) corresponds to the one present at the input of the modulator, i.e. the
basic data reduction block of Fig. 2.4 is complete. The next step implies correcting for
the polarimetric action of any optical element, located in between the modulator and the
telescope entrance aperture, in order to estimate the Stokes vector there, S..ie. solving

S = MaosreiSiers (6.2)

where the AO plus telescope Mueller matrix, M., 1S usually found by a combination
of measurements (by placing a PSG as close as possible to the telescope aperture) and
modeling (to extrapolate the measured values to e.g. different times of the day, where the
telescope configuration is modified or different wavelengths). The details of such instru-
mental calibration are out of the scope of this work. Moreover, all the data presented here
has not been subject to this kind of instrumental calibration because a working polarimet-
ric model of the VTT and its AO system valid for optical wavelengths, was not available
during the first light campaigns where, in addition, most of the efforts were focused on
assessing FSP performance. As a workaround, when required we used an heuristic correc-
tion of the instrumental polarization which implies assuming that the M. 1S constant

Due to this the best is to locate the PSG as early in the beam as possible. Note that, the polarimetric
actions of the optical elements located after the analyzer are not relevant, as long as they can be considered
constant within a modulation cycle period. This is because the input Stokes vector is encoded in the intensity
of the output beam.
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6.1 Data acquisition and reduction

across the FOV, its vector h (see Eq. 2.10) is small (no strong depolarization effects are
present), its matrix R is predominantly a rotation matrix (retarder effects are strong) and
its vector v is not null (polarizing effects are present). Under these assumptions, the ac-
tion of M40+ can be modeled as a rotation followed by a translation of the incoming p,,;.
Therefore, the instrumental polarization can be removed by first subtracting spatially flat
offsets to make the continuum spectral points in the O/, U/f and V/I images equal to zero
(invert the translation); and the applying a spatially flat rotation of the polarization vector
until no correlation among Q/f ,U/I and V/1 is evidently present (invert the rotation).

6.1.5 Image restoration with MOMFBD

In Fig. 2.4 the basic data reduction block is separated from the post processing block,
which is just illustrative. Ideally, all the reduction steps should be applied to the data
following the optical path in reverse order. Thus, image restoration should be the last
correction to be implemented, i.e. after instrumental polarization corrections. In practice,
however, image restoration can be applied before the polarimetric demodulation if one
aims for additional SIC reduction. Moreover some instrumental effects are entangled
with the seeing aberrations (and thus with the restoration step), e.g. the wavelength shifts
introduced by etalon errors when used in telecentric configuration (see point 6 in 6.1.1).
As a consequence, when using a very accurate model of the image forming system, the
reduction of the data becomes a complex problem linked to a specific filtergraph setup,
which is out of the scope of this work. Great efforts are currently being put to elaborate
such a detailed data reduction which is necessary to do high-resolution, high-sensitivity
solar spectropolarimetry with Fabry-Pérot filtergraphs from the ground, see e.g. the work
by de la Cruz Rodriguez et al. (2015). Here we present only few basic approaches to
restore filtergraph-based FSP data using a MOMFBD. The MOMFBD algorithm (Sect.
2.3.3) requires two main steps. Firstly the wavefront sensing or estimation of the seeing
OTFs, which involves the minimization of Eq. 2.73 to get the coefficients of the expansion
in Eq. 2.71 for each object. Secondly, the deconvolution step which requires applying a
Wiener deconvolution (see footnote 24 in Sect 2.3.3) to solve Eq. 2.68 and estimate the
true solar scene. The modulated intensities acquired with FSP at FR = 400 fps have an
exposure time (2.5 ms) that is about four times shorter that the typical seeing coherence
time 7y ~ 10 ms (corresponding to ro=10cm and a wind speed of 10 ms~!). In addition,
only a single narrow-band channel (object) is available®. The aforementioned properties
of FSP data allow different approaches to perform the MOMFBD, each of which presents
different pros and cons according to the specific case under consideration, in particular
the S VR in the individual Stokes images, the quality of the flat fielding process and the
seeing conditions. We describe only three of such approaches in Table 6.1. For brevity
we denote the flat-field-corrected intensity image (icm3) in modulation state i € {0, 1,2, 3}

of modulation cycle k € {0, 1,..., Ny — 1} as IAf . Analogously the derived Stokes vector

(Sect. 6.1.2) no. k is written Sk. Note that four different objects (Obj. O to 3) need to
be defined to separate the four modulation states of FSP. If all the frames would be used

3This is not ideal. The implementation of a WB channel can be done at high frame rates using a
commercial camera because photon noise is dominating in each frame. Performing the wavefront sensing
step using such a high S NR frames will provide better results than using only narrow band images.

101



6 First light measurements

Approach Heamsrer  Obj.0 Obj.1 Obj.2 Obj.3
API1 0 i i I i

R A
AP2 0 i - - -

1 - i - -

2 - - I -

R

4 iy - - -

5 - i - -
AP3 0 o 0% VP

1 il Al ol Ul/il ‘A/l/il

Table 6.1. Different approaches to restore FSP data with MOMFBD. In the first approach (AP1)
the modulated intensities are restored assuming the same realization of the seeing for the four
modulation states (each treated as a separate object). Therefore, for each modulation cycle, the
MOMEFBD code will use a single fitted H 41 to deconvolve the four intensities. On the other
hand, in the second approach (AP2) a different seeing realization is assumed for each modula-
tion state. Thus the MOMFBD code will fit a different H 4,4 and use it to deconvolve each
modulated intensity. The remaining option (AP3) implies restoring the data after the polarimet-
ric demodulation and normalization, assuming the same H 4,44 for all the Stokes parameters
of each measurement.

to solve a single MFBD problem, the changes introduced by the modulation would be
misinterpreted as seeing induced changes leading to a wrong wavefront sensing. Below
we list the main pros and cons of each approach.

e API: This approach is suitable to restore measurements of faint signals because

intensity images are used, which have larger S NR than the normalized Stokes 0, U
and V. In addition AP1 is not very sensitive to residual gain table artifacts (non-flat
multiplicative terms) because the same H ;... is used to restore the four modulated
intensity frames of each modulation cycle (an assumption that does not hold for bad
seeing conditions where 7y < 2.5 ms), and thus there is no significant relative spatial
shift introduced between the frames. As a consequence residual gain table artifacts,
e.g. non-corrected interference fringes, will not tend to appear after demodulation
in the normalized Stokes Q, U and V images. For the same reason, AP1 does not
modify the levels of SIC per modulation cycle. Note that this approach requires the
modulated intensity images to be flat fielded as described in step 6 of Sect. 6.1.1.

e AP2: For each modulation cycle independent H ., are fitted and used to de-
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modulate each of the four intensities. Therefore AP2 introduces relative numerical
shifts among the frames. This means that residual gain table artifacts will tend to
appear in the normalized Stokes O, U and V images after demodulation. On the
other hand, this also means that AP2 may reduce (if the restoration is good) the
SIC levels by compensating the differential seeing aberrations present among the
modulated intensities. AP2 also requires the intensity images to be flat fielded as



6.2 Measurements in spectrograph mode

described in step 6 of Sect. 6.1.1.

e AP3: In this approach the restoration is applied after polarimetric demodulation®*.
In principle the normalization step should be done first to avoid introducing artifacts
due to residual gain table effects in the Stokes images. However, if many images
are used, the issues presented in Sect. 6.1.3 may complicate this. The S NR in the
normalized Stokes Q, U and V images is typically low (e.g. Sect 6.3.1), and thus
they tend to spoil the wavefront sensing step (that is why fitting an independent
H yimet for each normalized Stokes parameter is not generally done). Since a single
H yimsier 18 fitted per Stokes measurement, a solution to the latter is to reduce the
object weights (see Eq. 2.73) of the polarimetric images or even set them to zero,
1.€. Kopji1 = Kobj2 = Kobj3 = 0, to use only Stokes I to perform the wavefront sensing
step. Even assuming a good wavefront sensing, the low S NR in the normalized
Stokes images also complicates the estimation of the regularization parameter in
the Wiener deconvolution step (see footnote 24 in Sect 2.3.3). AP2 does not require
the flat fielding to be applied before demodulation (as in step 6 of Sect. 6.1.1), it
can be done only for Stokes [ after the demodulation is complete.

6.2 Measurements in spectrograph mode

The first-light campaign of FSP was carried out at the German Vacuum Tower Telescope
(VTT?) during June 2013, using the echelle (Sect. 2.2.3) spectrograph (see e.g. Do-
err et al. 2012). The VTT has an aperture of 68 cm (providing an angular resolution
of Aa=0.180arcsec at A=500nm), a focal length of 45.64 m, an image plate scale of
4.59 arcsecmm™! at the primary focus, and it is equiped with the Kiepenhener institute
Adaptive Optics System (KAOS, see von der Luehe et al. 2003). KAOS can compensate
up to ~30 modes (26 are regularly used) in close loop with a ~100 Hz bandwidth, and has
a Shack-Hartmann wavefront sensor that operates in visible wavelengths (500 to 600 nm).
The pre-dispersed echelle spectrograph of VTT presents a resolving power of 1.2 x 10°,
e.g. Al=4.2 mA at 1=500 nm.

This first FSP campaign was aimed at testing the basic instrument functionality and at
evaluating the polarimetric sensitivity that can be achieved in low spatial and high spectral
resolution measurements. The most important components of the instrumental setup are
summarized in Fig. 6.2. We performed different spatial scans of solar active regions
to measure Zeeman signals (Sect. 2.1.2) in the Fe I 630.2 nm and Fe I 525.0 nm spectral
lines, and found that the instrument performed as expected in such a high S NR regime (see
e.g Fig. 2.3). In addition, we acquired faint scattering polarization signals (Sect. 2.1.2)
near the solar limb in the Ca I 422.7nm, Na I D, 589.0 nm and Sr I 460.7 nm spectral
lines. This kind of measurements require high polarimetric sensitivity and —considering
that they have been measured and reported in the literature, see Fig. 2.2— they are useful
for instrument validation. In the following section we report, as an example, the results
of the Ca I measurements. A discussion of the results is given in Sect. 6.4.

“Note that, the deconvolution and polarimetric demodulation operations commute only if the demodu-
lation matrix is spatially flat.

3See Schroeter et al. (1985) or http://www.kis.uni-freiburg.de/en/observatories/vtt/ for updated informa-
tion.
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6 First light measurements
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Figure 6.2. FSP setup during the first light measurements with the VTT echelle spectrograph.
The boxes denote the main components located in the beam path (marked with dashed arrows).
The boxes with continuous borders belong to FSP. The two photographs show the real devices
associated to some of the boxes (indicated with continuous arrows). These include the modulator
package (left photo) vertically mounted on top of the box containing the spectrograph entrance
slit, and the pnCCD camera (right photo) mounted at an output port of the echelle spectrograph.

6.2.1 Low SNR regime: Second solar spectrum of Ca I

To record the second solar spectrum of Ca I, the slit was located near the solar limb —at
u ~ 0.15°— were the scattering signals are stronger (Sect. 2.1.2). In addition, we oriented
the slit (which matched the Stokes Q orientation of FSP) tangential to the solar limb in
order to maximize the Stokes Q signal. As mentioned in Sect. 6.2, we aimed for high
spectral but low spatial resolution which allowed us to use long integration times in order
to explore the high polarimetric sensitivity regime of FSP’. Therefore, a large spatial
sampling (Aajum,) Was used, see Table 6.2. Moreover KAOS was not correcting the
wavefronts because the low contrast near the limb does not allow its proper functioning.
The measured values of scattering polarization and the achieved polarimetric sensitivity
are presented in Fig. 6.3.

6.3 Measurements in filtergraph mode

Filtergraph-based measurements are the main goal of FSP because high spatial resolution
in combination with high sensitivity are required when trying to estimate the smallest and

641 is equal to the cosine of the angle between the LOS and the normal of the solar surface.

7Since the gradient in Stokes I images is large due to the presence of the absorption spectral lines, the
system is sensitive to instrumental image motion which can introduce polarimetric crosstalk. The high
modulation frequency of FSP helps to reduce such a crosstalk.
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6.3 Measurements in filtergraph mode

Prop. pu Fov A ) Adgamp Ao fmoa Int. time
Value 0.15 72x3.7 0.8 17 42277 25 4.98
Unit - arcsecxA arcsecpixel”' mApixel! nm  Hz min

Table 6.2. Data specification of the Ca I second solar spectrum measured with FSP.

faintest polarimetric signals (see Sect. 2.1.4). The filtergraph campaigns of FSP were
carried out at the VIT during November 2013 and March and June 2014, using the Triple
Etalon SOlar Spectrometer (TESOS, Tritschler et al. 2002, von der Luehe and Kentis-
cher 2000, Kentischer et al. 1998). TESOS uses three Fabry-Pérot etalons (Sect 2.2.3) to
achieve a resolving power of 300000, e.g. A1=17mA at 1=500 nm, and high transmis-
sion. During the filtergraph campaigns we address the key questions required to evaluate
the FSP instrumental concept, including (a) the residual levels of SIC when modulating
at 100 Hz under average seeing conditions, (b) what are the polarimetric sensitivity and
spatial resolution achievable at the VIT when using a frame rate of 400 fps for typical
solar targets and (c) what is the performance of a narrow band MOMFBD restoration of
FSP data for typical solar targets. The most important components of the adopted instru-
mental setup are summarized in Fig. 6.4. One relevant aspect of the setup at the VT T
is that the mechanical bond between the floor supporting TESOS and the KAOS tank is
relatively poor. This means that vibrations affecting TESOS will tend to introduce rela-
tive shifts between the beam and the pnCCD camera, and thus appear as image motion.
In our November 2013 campaign, the water pump used to precool the pnCCD camera
(Sect. 3.2.2) was located near the TESOS optical table, and thus the weak vibrations pro-
duced by the electric motors were sufficient to introduce strong image motion (few pixels)
at frequencies of 50 Hz and above. Such image motion induced polarimetric crosstalks
(Sect. 2.3.2) in the order of ~5 x 1073, In the 2014 campaigns this was solved by simply
relocating the water pump far away from the TESOS optical table.

In Sect. 6.3.1 and 6.3.2 we present two measurement examples corresponding to
two different regimes, i.e. low and high S NR, which help to answer the above-stated
questions (b) and (c). A discussion of these results is given in Sect. 6.4. The filtergraph
measurements that provide evidence to answer question (a) are treated in Sect. 6.4.5.

6.3.1 Low SNR regime: Fe I scan of the quiet sun

To explore the ability of FSP to detect faint and small scale polarimetric signals, we con-
figured TESOS to perform N,.,= 40 scans of two spectral points, one in each wing of
the Fe 1 630.2 nm spectral line. The details of such a scan, acquired during June 2014
in a quiet region at the center of the solar disk, are given in Table 6.3. We define the
wall time as the time interval between the acquisition of the first and the last frame ac-
cumulated in a given spectral point. DCy,, is the fraction of the total scan time that the
instrument spends collecting signal photo-charges (independently of the spectral point)®.
The measured Stokes parameters in each wing are presented in Fig. 6.5. In addition, Fig.

8The synchronization between FSP and TESOS was not optimal contributing to make DCj.,, much lower
that the pnCCD camera DC. Therefore in this scan we only measured two spectral points to minimize the
smearing of the signals due to solar evolution.
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Figure 6.3. Ca I second solar spectrum measured with FSP. The averages of several measurements
(covering 4.98 min wall time) are shown for Stokes / (a), including its spatial average (b), and
the normalized Stokes Q (c) also including its spatial average (thick line in image d). Due to
reimagining limitations, only a fraction of the pnCCD sensor (90 x 222 pixel?) was illuminated.
For comparison, we also plotted in (d) the measurements acquired with ZIMPOL at y = 0.10
and reported in Gandorfer (2002) (thin line). The differences between both measurements are
due to the different i values employed in the observations. The rms noise of (d), estimated from
(c) along the spatial dimension, is presented in (e). The largest peak in the estimated noise is not
due to the lower photo-charges flux reaching the camera in that spectral region (only about 12 e~
per pixel per frame) but produced by residual structures in the spatial dimension clearly visible
in (c). The average value of the curve in (e) excluding figures larger that 2 x 107 is 8 x 107>,
See Table 6.2 for extra details.
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Figure 6.4. FSP setup during the first light measurements with the TESOS filtergraph at the VTT.
The boxes denote the main components located in the beam path (marked with dashed arrows).
The boxes with continuous borders belong to FSP. The photograph shows the real devices
associated to some of the boxes (indicated with continuous arrows). At the output of KAOS
(mounted inside the metallic tank), a 45° mirror redirects the beam to the FSP calibration unit
and modulator package, which are located in front of TESOS (black box). The beam path was
modified inside the TESOS housing to allocate the reimagining optics and mount the pnCCD
camera.

6.6 shows the MOMFBD restored version of the frames acquired in the —80 mA spectral
point, performed using AP1 (see Table 6.1).

Prop. Value Unit
Target heliocentric coordinates 0,0 arcsec,arcsec
FoOV 19.7 x 20.4 arcsec’
Ay 0.08 arcsec pixel ™!
Asamp 21 mA pixel ™!
Ao 630.2 nm
Spectral points (meas. from A;) -80, 80 mA
Srnod 100 Hz
DC;,., 53 %

Nien 40 %
Total int. time per spectral point 0.95 min
Total wall time per spectral point 3.99 min

Table 6.3. Data specification for the Fe I scan of the quiet sun measured with FSP. See the text
for extra details.
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Figure 6.5. Quiet Sun scan of the Fe I 630.2 nm spectral line. Averaged Stokes parameters (images
in each row, see the titles on the right margin) for the two measured spectral points, namely —80
(images in the leftmost column) and 80 mA (images in the rightmost column) from the line
core. All images have been binned using a 3 x 3 pixel”> window. The rms noises in the —80 mA
images are 3.0, 3.6 and 3.1 x 10~* for the normalized Stokes Q, U and V respectively. The noise
(assumed spatially white) was estimated from the average value of the power spectrum of the
non-binned images (using no apodization). See Table 6.3 for extra details.
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Figure 6.6. MOMFBD restored quiet Sun scan of the Fe I 630.2 nm spectral line. Images (a),
(b) and (c) correspond to the averaged Stokes I, normalized Q and normalized V respectively,
shown in Fig. 6.5. Images (d), (e), and (f) are the MOMFBD restored versions of (a), (b) and
(c) respectively. Note the improvement in spatial resolution and in the signal levels, which can
be appreciated in the values across the three selected cuts marked with white lines in images (b),
(c), (e) and (f), and plotted in (g), (h) and (i). The thick lines in such plots correspond to the
restored images, while the thin lines to the averaged data. See the text for extra details.

6.3.2 High SNR regime: Fe I scan of an active region

The high-cadence of FSP allows also the study of fast evolving, strong (due to the low
S NR achievable) solar signals. To explore this we scanned with TESOS five spectral
points (integrating only ~2s in each) of the Fe I 630.2 nm line, targeting a small solar
active region (pore). The details of the scan are given in Table 6.4. The measured Stokes
parameters are presented in Fig. 6.7 and their corresponding MOMFBD restored versions
(performed using AP2, see Table 6.1) in Fig. 6.8. A detail of the original and restored
versions is shown in Fig. 6.9.
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Prop. Value Unit
Target AR12096

Target heliocentric coordinates -428.-194 arcsec,arcsec
FoOV 19.7 x 20.4 arcsec’
A ump 0.08 arcsec pixel ™!
Agamp 21 mA pixel !
Ao 630.2 nm
Spectral points (meas. from A) -280,-80,80,-40,40 mA
Srnod 100 Hz
DCan 62 %

Int. time per spectral point 1.89 S

Wall time per spectral point 3.04 S

Table 6.4. Data specification for active region scan in Fe I measured with FSP.

6.4 Performance evaluation

The first-light measurements reported in the previous sections allow a first assessment of
the FSP performance, this is discussed in the present section.

6.4.1 pnCCCd camera issues

The major issues we found with the pnCCD camera, which should be solved for the
optimal functioning of FSP II are

o [nterference fringes: Even though the entrance window of the pnCCD camera (Fig.

5.2) is wedged, interference fringes appear in the acquired images, which were
identified to come from the camera. This can be either due to internal reflections
in the entrance window or reflections between the window and the sensor surface’.
Such fringes were strongly variable in time within intervals of ~5s. This variation
is slower than the FSP modulation frequency and thus fringes do not appear in the
polarimetric images. However, they could not be properly removed by flat field-
ing of the intensity images. The fringes make the image restoration process more
difficult because they are at a fixed location from frame to frame and introduce con-
siderable power in the images at high spatial frequencies. This produce a wrong
wavefront estimation and/or the apparition of fringes in the restored Stokes images
(e.g. the central area in Fig. 6.6e and f) . To minimize these effects we filtered the
fringes by masking their corresponding frequency components in the spectrum of
the individual frames (using a Wiener local filter).

Camera-modulator phase detection: The pnCCD camera does not allow tagging the
individual frames with their corresponding modulation state, a necessary condition
to preserve the phase between the calibration and science measurements, See point
2 in Sect. 6.1.1. As a workaround we have developed a method that implies over-

The anti-reflective coating of the sensor and entrance window makes this option unlikely though.
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Figure 6.7. Active region scan of the Fe I 630.2 nm spectral line measured with FSP. Average of
189 (1.89 s) Stokes measurements (images in each column, see the title of the color bars) for the
five spectral positions (images in each row, see the titles on the right margin) of the scan detailed
in Table 6.4. The rms noise in the —280 mA images is 4.1, 4.8 and 3.8 X 1073 for the normalized
Stokes Q, U and V respectively.

exposing (and thus loosing) the first tens of frames of each measurement, which
reduce the effective DC.

e Deviant CAMEX: The linearity (see Fig. 5.9) and bias (Sect. 5.4.5) measurements
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Figure 6.8. MOMFBD-restored version of the images shown in Fig. 6.7. The white rectangle
delimits the detail presented in Fig. 6.9. See the text for extra details.
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of the sensor revealed that the lower right CAMEX chip (Fig. 5.1) behaves dif-
ferently. The corresponding sensor quadrant shows a column-wise artifact in some
of the measurements involving very low light levels. The origin of this issue is
not completely understood so far. The most plausible reason is that this particular
CAMEX has slightly deviating specifications e.g. due to error in the biasing cir-
cuitry. A detailed analysis of this effect has been delayed to a late stage, because it
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Figure 6.9. Detail of the MOMFBD-restored scan of the Fe I 630.2 nm spectral line. The two
images show a detail (delimited by the white rectangle in Fig. 6.8) of the averaged (leftmost
image, see Fig. 6.7) and MOMFBD-restored (rightmost image, see Fig. 6.8) normalized Stokes
V corresponding to the —40 mA spectral point. The increase of the detected signal due to the
restoration, can be appreciated in the bottom plot that presents the values across cut A (marked
by a white line) for both images (continuous lines, see legend). In the same a plot we also
included the values for the same cut through a normalized Stokes V image taken at a later time
(dashed lines, see legend). The time difference between both measurements is 15.18 s, see Table
6.4.

was not critical for the evaluation of the instrumental concept using the prototype.
For the science-ready FSP II camera, all the 16 different readout ASICs (see Sect.
7.1) have to be carefully tested for such effects to guarantee the same performance
over the entire sensor.

6.4.2 Image restoration and signal amplitude

The restoration of FSP measurements using a MOMFBD improves the spatial resolu-
tion and, more importantly, considerably increases the detected signal level. In the small
(~1arcsec) bipolar region shown in Fig. 6.6h, the differences in the detected peak to
peak amplitude of Stokes V, between the simple average and the restored version, is
3.5+ 0.2 x 107, This exemplifies that avoiding the dilution of the signals is a key re-
quirement to detect faint, small-scale sources. Simply accumulating frames to reduce
noise does not help to measure fainter solar signals, if the detected amplitudes decrease
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6 First light measurements

with time due to the spatial smearing produced by seeing!®.

The application of AP1 (see Table 6.1) to restore low S NR measurements, as the one
given in Fig. 6.6, showed that the wavefront sensing step of the MOMFBD provides sta-
ble estimations when using only narrow-band data. Note, however, that the MOMFBD
merit function (Eq. 2.72) assumes Gaussian noise and that such an assumption is not
satisfied for low-light-level and high-contrast observations (Van Noort et al. 2005). The
usage of a wide-band channel would further improve the quality of the wavefront sens-
ing. On the other hand, the noise amplification produced during the deconvolution step
can counter balance the gain in signal level for scenes with low S NR, i.e. there is a trade-
off between the noise amplification given by the bandwidth of the regularization filter (see
e.g. footnote 24 in Sect. 2.3.3) and the spatial resolution of the estimated object. This is
the case of Stokes Q in Fig. 6.6e which presents a lower gain in S NR after restoration
than Stokes V in Fig. 6.6f, even though the same OTFs were used to deconvolve both sets
of images. After the wavefront sensing is done, the estimation of the object with known
degradation functions constitutes a multi-frame deconvolution problem. To improve the
aforementioned results, multi-frame deconvolution techniques that are particularly de-
signed to deal with (Poissonian) noisy images should be applied. Such techniques (see
e.g. Starck et al. 2002) avoid the division in Fourier space (and thus the noise amplifica-
tion at high frequencies) by using a maximum-likelihood approach, where the object is
firstly guessed and then iteratively estimated with increasing accuracy by minimizing a
given error metric'!.

The high frame rate and duty cycle of the pnCCD camera provide a large amount of
frames. The increased amount of frames make the MFBD problem better constrained
which tend to compensate for the ill-conditioning produced by the low S NR of the indi-
vidual frames, producing a more reliable sensing of the wavefronts even for short periods
of time. Since the restoration quality strongly depends on the seeing conditions, contrast
of the solar scene and S NR of the individual frames, one way to verify the previous state-
ment is to artificially reduce the camera frame rate. To do this we simply picked one
out of nine frames from a set of modulated intensities acquired at FR = 400 fps. After
demodulation, the resulting data is equivalent to a measurement acquired at a mid-speed
of FR,,; = 44.4fps and a DC,,;; = 11.0 %. We applied this technique to 192 x 4 frames
corresponding to the —40 mA spectral point of the scan shown in Fig 6.7. We then applied
AP2 (see Table 6.1) to restore both the original and derived data sets and compared the
restoration quality (see Fig. 6.10). Note that, the reduced number of frames available
for the restoration in the derived data set —only 21 instead of the 192 per modulation
state of the original data set— produces a worse restoration (compare images e and f)
even when the individual intensity measurements have the same exposure time and S NR
(~13.9, compare b and c). Moreover, clear artifacts can be found in the restored Stokes
parameters (compare images e and f) which are due to SIC and/or caused by the AP2
restoration process.

10See also the simulations by Krishnappa and Feller (2012), discussed at the end of Sect. 2.3.2, where
they report a strong increase in the detected polarimetric signal with increasing number of corrected Zernike
terms by an AO system (particularly up to 30 Zernike terms).

"' For example, the maximum-likelihood approach leads to the Richardson-Lucy algorithm (Richardson
1972) when Poissonian noises are assumed. In the non multi-frame approach, the estimated object can be
found for iteration 7 using a single frame,i, by doing (see Eq. 2.68), I%"! = [H,,.. i x 1/ (H. RIESIVES

atm+te
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Figure 6.10. Effects of FSP cadence and duty cycle when restoring a time series lasting 1.92 s
of the —40 mA spectral point of the scan shown in Fig 6.7, using MOMFBD. The first column
presents the average of the 192 measurements including, one modulated intensity (a), Stokes /
(d), and normalized Stokes V (g). The second column illustrates the results of the AP2 (see Table
6.1) restoration. Both a single modulated intensity (b) and two of the resulting Stokes parameters
(e and h) are shown. The third column gives the outcome of the same restoration, run on the data
set that has a reduced frame rate (44.4 fps) and duty cycle 11.0 %, including a single modulated
intensity (c) and two of the restored Stokes parameters (f and i). Image adapted from Iglesias
et al. 2016. See the text for extra details.

The possibility to obtain such a high-cadence set of restored full-Stokes measurements
is a clear advantage when studying small-scale, fast-evolving, strong solar signals. For
example in the small (~1 arcsec) bipolar region shown in Fig. 6.9, the detected peak to
peak Stokes V value increases to 6.1 + 0.8 % after MOMFBD restoration. Moreover, the
measured temporal reduction (after 15.18 s) of the peak to peak values are 0.3 + 0.8 and
2.3 + 0.8 % for the averaged and restored versions respectively.

6.4.3 Polarimetric sensitivity

The non-ideal polarimetric and photometric efficiencies, and the presence of artifacts are
the major factors that cause a polarimeter to depart form the ideal photon limited trade-off
between S NR and spatial resolution imposed by the evolving solar scene (see Fig. 2.5).
The high polarimetric efficiencies (see Fig. 4.4), camera sensitivity (see Sect. 5.1.1 and
Fig. 5.1c), duty cycle (see Table 3.2 and Sect. 5.1.1) and low camera noise (see Sect.
5.4.2) allow FSP to reach the goal polarimetric sensitivity faster than other instruments.

115



6 First light measurements

These are the main properties that permitted the detection of the small-scale (0.24 arcsec
spatial sampling), quiet-Sun signals with a sensitivity of ~3.5 x 10~ after integrating
0.95 min (about a fifth of the typical solar granulation life-time) with a flux of only about
230 ¢ pixel~! frame, see Fig. 6.5. The detection was further improved by the increase in
signal levels obtained by image restoration. On the other hand the main potential sources
of artifacts are the modulator and the polarimetric calibration procedure, the pnCCD cam-
era and the residual levels of SIC. We found that the modulator and calibration artifacts
can be suppressed to the level of 1 x 107, provided that the instrumental polarization level
is not larger than ~1 % (see Sect. 4.3). Analogously, we found that the pnCCD camera
introduces no major polarimetric artifact besides those mentioned in Sect. 6.4.1 (see Sect.
5.2 and 5.3). These statements are further supported by the results reported in Sect 6.4.5
and the low-spatial-resolution measurements of the second solar spectrum given in Fig.
6.3. The latter reach a polarimetric sensitivity of ~8 x 107 in the spatially-averaged, nor-
malized Stokes Q, without clear signs of instrumental artifacts and with good agreement
with the ZIMPOL results.

6.4.4 Measurements of the magnetically insensitive 557.6 nm line

In order to estimate the level of SIC, no solar signal has to be present in the Stokes
images!?. One of the best ways to achieve this is by measuring polarization in magnetic
lines with null Landé factor to ensure the absence of Zeeman signals. If, in addition, a
target located near the center of the solar disk is chosen, the scattering polarization signals
are also practically ruled out, resulting in flat Stokes Q, U and V images with non-zero
offsets due to instrumental polarization. The combination of a non-flat Stokes I with such
aflat Q, U and V in this kind of measurement, makes it ideal to detect any SIC from Stokes
Ito Q, U and V. We measured the Fe I 557.6 nm line (which has g=0) in a quiet region
of the Sun during a short campaign in April 2015. Such measurements are presented in
Fig. 6.11. As can be appreciated in the Stokes images of row (c), there is a clear artifact
affecting Stokes Q and U. Such an artifact is not present in the measurements given in
row (a), which were acquired under the same conditions, except that the modulator was
disconnected. The latter means that no actual modulation is taking place and thus no
polarimetric signal should be measured. The actual source of the aforementioned artifact
has not been identified and remains as future work. In spite of this we list and discuss
below the main possible sources.

e Modulator induced image motion: The combination of a non-normal beam inci-
dence on the FLCs (see the tilting rings in Fig. 4.1) and a change in their refractive
index, between the two states of their optical axes, introduces a deflection of the
output beam. Such a deflection may produce in turn image motion which is syn-
chronized with the frame acquisition, and thus any derived artifact will be system-
atically repeated every modulation cycle appearing even after accumulating many
Stokes images. Modulation induced image motion has been reported to appear in
other polarimeters (see e.g. Hanaoka 2006). One solution to this problem is to
locate the modulator package near a focal plane in order to minimize the image

2For example in measurements of the quiet Sun, both SIC an transversal Zeeman signals tend to appear
near the borders of the granules where the gradient of Stokes / is maximum.
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Figure 6.11. Measurements of the non-magnetic 557.6 nm line. (a) ~10s average acquired with
the modulation disconnected. (b) ~10 s average acquired with the modulation running. (c) same
as (b) after subtracting from each image its smoothed version (using a 40x40 pixel®> window). (d)
same as (c) except that the images where realigned before the polarimetric demodulation, using
sub-pixel cross-correlation among consecutive frames. Such a realignment reduced the temporal
power spectrum of the Stokes Q and U time series, by approximately one order of magnitude.
The original plate scale of the images is 0.08 arcsec pixel~! in both directions, however they have
been binned using a 2 x 2 pixel?> window. The standard deviations of the normalized Stokes Q,
U and V images in row (a), are 1.2, 1.4 and 1.3 x 1073 respectively.

motion introduced by the beam deflection'?. We have not quantified the beam de-
flection, if any, introduced by the FSP modulator package. However the artifacts
seen in row (c) of Fig. 6.11 are not likely to be produced by this effect because the
center of the modulator was located at only ~15 cm from a focal plane (<< than the

131n principle image motion can not be eliminated because the two FLCs in the modulator can not be in
the same focal plane at the same time.
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telescope focal length of 45 m); the realignment of the images before demodulation
shown in row (d), does not considerably reduce the artifact level; and no artifact is
visible at the same level in the measurements presented in Fig. 6.5.

e SIC: Another possible source of the artifacts seen in row (c) of Fig. 6.11 is residual
seeing induced crosstalk. This option is unlikely because of the following. Firstly,
note that the measurements acquired with the modulation package disconnected
are still sensitive to these effects, i.e. the only difference with respect to a regular
measurement is that O does not depend on i in Eq. 2.53. However, the artifacts are
not present in the images shown in row (a). Secondly, the correlation coeflicients
of the Stokes O, U and V images in row (c) with respect to the Stokes / image,
are larger (-0.28, 0.23 and -0.05 respectively) than the correlation coefficients of
the absolute values of the same Stokes Q, U and V with respect to the modulus of
the gradient of Stokes 7 (-0.03, 0.01 and -0.01 respectively). In case of SIC, the
opposite is expected. Finally, the realignment of the images before demodulation
shown in row (d), does not considerably reduce the artifact level (which also rules
out jitter induced crosstalk due to e.g. a resonance peak in the residual motion of
the AO tip-tilt correction mirror).

e Stray light: A third potential source of the artifacts under discussion is the presence
of stray light. This means that the measured Stokes vector, Ssm,y is the sum of the
vector measured in absence of stray light, S, plus a spatially uncorrelated term due
to possibly polarized stray light, AS. We can write the measured normalized Stokes
parameter k € {Q, U, V} as follows,

S stray,k _ 1 (& ASk) (6 3)

= = = — t+t —=
Ssrapo 1 +ASo/So\So  So

Note that, even if the stray light is unpolarized (AS; = 0) it will introduce crosstalk
from Stokes / in the O, U and V images, by means of the multiplicative term in
the right side of Eq. 6.3. Such a crosstalk can explain the artifacts in row (c)
of Fig. 6.11 which correlate with Stokes I (see the previous bullet). Moreover
a wavelength-dependent polarized stray light term, can also account for the large
scale gradients seen in row (d) which are not present in the measurements acquired
at other wavelengths.

6.4.5 Spatial resolution and seeing induced crosstalk

The present section has been extracted from Iglesias et al. 2016 with minor changes and
an adapted notation.

Quantifying the amplitude of SIC in narrow-band, diffraction-limit-sampled, Stokes
images recorded at high modulation frequency, is difficult because the artifact is normally
hidden by the photon noise and any possible solar signal. Moreover if image averaging is
used to reduce photon noise, the SIC artifact is smeared and thus its level also reduces, see
Sect. 2.3 and e.g. Lites 1987, Hanaoka 2004. Let us discriminate the spatially estimated
power in the image of the normalized Stokes parameter i € {Q, U, V}, after averaging N
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measurements as follows,

2

g
2 /- 2 - 2 -
O-tot(l’ N\'tk’ fmoda Irms) = Nl + O-art(la Nstka f;n()d’ Irms) + O-Sig(l’ Nslk), (64)
stk

where we have neglected any fixed pattern noise that cannot be reduced by image av-
eraging. o; = (Team’ + 0% /(€; VNoa(I)) is the noise in the individual normalized
Stokes images (see Eq. 2.35) ; 0u:(i, Ngks frnoas Iims) includes the power due to SIC
and other artifacts (see below) in Stokes parameter i, where we made explicit its de-
pendence with respect to Ny, to the modulation frequency, f,,4, and to the rms con-
trast values of the Stokes I images averaged, I,,,s; and o, (i, Nyy) is the averaged sig-
nal power of the actual solar scene. To be able to reliably detect solar polarimetric sig-
nals, one needs to obtain after averaging, a value of the signal to artifact and noise ratio,
SANR(i, Ng) = 0ol Nyi) /(07 /(Ng) + 02,,(iy Ny fnoas Lms)]'/?, that is large enough
given a predefined criterion. Note that the above-described approach is of practical rele-
vance only for the cases where the portion of the FOV covered by signal and by artifact
are similar, so that their spatial rms values are equally representative of their peaks values.

As an application of the above-expressed ideas, let us consider the case of quiet Sun
measurements, of particular importance for FSP given its science goals. One way to
achieve o, (i, Ny) = 0 in Eq. 6.4 and still be sensitive to SIC, is to use measurements
acquired with the modulator package deactivated (see Sect. 6.4.5). In addition, since SIC
not only depends on modulation frequency, but also on the instantaneous seeing condi-
tions and contrast of the solar scene (Judge et al. 2004); we use the following procedure
to reduce the influence of the latter two. We start with a set of 45989 (7.66 min wall time)
quiet Sun measurements acquired at 100 Hz with the FSP modulator package deactivated.
We then derived two new sets that have modulation frequencies of 20 and 11.1 Hz, by
picking one out of five and one out of nine frames respectively, from the set of measured
intensities at 100 Hz (as done in Sect. 6.4.2). After demodulation, the 20 and 11.1 Hz data
sets are equivalent to measurements taken at those frequencies with duty cycles of 19.7
and 11 % respectively. The advantages of this method are that practically the same solar
scene, seeing conditions and values of o; are present in the three data sets. The measured
values for Stokes I and normalized Stokes Q corresponding to the original and derived
measurements are shown in Fig. 6.12 for different values of N;. The qualitative results
also apply to Stokes U and V, which are not presented here.

Firstly, note that SIC is evident in the single measurements, i.e. Ng=1, of the 20
and 11.1 Hz cases (images ¢ and d respectively) while not being above the noise level
for the 100 Hz image (b). Moreover, the artifact tends to have larger amplitudes towards
the borders of the FOV because the AO corrections of the wavefront are worse away
from the system’s locking point —located approximately at the center of the image—
due to seeing anisoplanatism (see Sect. 2.3.3). The reduction of the SIC with increasing
modulation frequency, can be also appreciated in Fig. 6.13, where the artifact level in the
individual Stokes Q measurements,

O-art(Q, 15 fmod, Irms) = \/O-tzgz(Q’ 1, fmod, Irms) - O.ZQ, (65)

is plotted for all the frames —thus including a variety of instantaneous seeing conditions—
in the three data sets versus Stokes / rms contrast. To obtain the artifact level, we as-
sume it can only introduce power at spatial frequencies that are below the diffraction
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Figure 6.12. Seeing induced crosstalk in normalized Stokes Q image, for different modulation
frequencies, duty cycles (labeled on top of each column) and number of averaged measurements
(rows). These quiet Sun images were acquired with FSP modulator package disconnected, in
which situation no solar polarization signal is expected, using the VIT/TESOS filtergraph tuned
to the continuum at —280 mA from the line core of Fe I, 630.2nm. The upper row presents
Stokes I (a) and the normalized Stokes Q (b, c and d) of a single measurement. The lower
row shows the results after averaging 45989 (e and f), 9160 (g) and 5060 (h) Stokes images,
all covering 7.66 min wall time approximately. The 20 and 11.1 Hz cases, were obtained by
eliminating intermediate intensity measurements from the 100 Hz case before demodulation, see
the text for details on this procedure. The original plate scale of the images is 0.08 arcsec pixel ™!
in both directions, however they have been binned using a 3 x 3 pixel> window. The figures in
parentheses on the right border of each image denote its gray scale range (upper panels) and
standard deviation, or rms contrast for Stokes /I, computed across the sensor area (lower panels).
Image extracted from Iglesias et al. 2016.

limit, and that oy is white noise. Then, oy can be estimated by the average value of
the power located at spatial frequencies beyond the diffraction limit. This estimation of
Tari(Qs 1, finoa> Ims) includes not only SIC contributions but also any other source of col-
ored noise.

Secondly, from the second row in Fig. 6.12, note that SIC has been smeared out to very
low levels in the 20 and 11.1 Hz cases (g and h respectively) due to image accumulation.
This suggests that SIC artifact is less critical for low-spatial resolution measurements;
where, in addition, any small-scale solar signal would also be smeared (compare the con-
trast of images a and e). If, however, a high spatial resolution is aimed for, reducing the
SIC below the photon noise level in the individual measurements is crucial'*. The latter
is also exemplified by Fig. 6.14 where the resulting Stokes / and normalized Stokes Q,
corresponding to the average of 1.16 min wall time of the data sets with 100 and 11.1 Hz
modulation frequency, are presented along with their respective MOMFBD restored ver-
sions (using AP1, see Table 6.1). In the plain averages, both the spatial resolution and the
SIC levels are lower because signal (images a and b) and artifact has been smeared out

4Note that this becomes more difficult when the photon flux reaching the detector increases, e.g. by
taking sub-diffraction-limited images with a larger aperture.
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Figure 6.13. Measured artifact level in individual Stokes Q measurements (see Eq. 6.5) versus
Stokes I rms contrast, for the data sets presented in Fig. 6.12. Each dot gives the value of a
single measurement acquired at a modulation frequency of 100 (green), 20 (red) and 11.1 Hz
(cyan). The black lines represent linear fits to the 100 (continuous), 20 (dashed) and 11.1 Hz
(dotted) datasets. Image extracted from Iglesias et al. 2016.

(images e and f). Thus, the benefits of a higher modulation frequency are less prominent.
If image restoration is applied to preserve spatial resolution (see images ¢ and d), and
any possible small-scale polarimetric signal, then the SIC is also preserved producing a
clear difference between the artifact levels of the cases with 100 and 11.1 Hz modulation
frequency. The benefits of a combined high modulation frequency, high cadence and high
duty cycle —to obtain simultaneously high-spatial resolution (through image restoration)
and low SIC— are then demonstrated by images ¢ and g.
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Figure 6.14. Effects of the modulation frequency, duty cycle and image restoration (labeled on
top of each column) on the SIC level in Stokes Q images. The Stokes I (upper row) and the
normalized Stokes Q (bottom row) are shown for the data sets with 100 and 11.1 Hz modulation
frequency presented in Fig. 6.12. Both a plain average, covering 1.16 min wall time (a, b, e
and f), and the corresponding MOMFBD-restored versions (c, d, g and h) are presented. The
original plate scale of the images is 0.08 arcsec pixel ™! in both directions, however they have
been binned using a 2 x 2 pixel?> window. The figures in parentheses on the right border of each
image, denote its gray scale range (upper panels) and standard deviation, or rms contrast for
Stokes I, computed across the images (lower panels). Image extracted from Iglesias et al. 2016.
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In this thesis we have tackled the instrumental challenges that arise when developing a
ground-based, high-cadence solar polarimeter. This work is focused on a specific in-
strument, the prototype of the FSP. However many of the methods and techniques we
employed or developed, are of relevance to high-cadence polarimetry in general.

Any practical polarimeter that aims to measure the full Stokes vector (a requirement
to e.g. remotely probe the full magnetic field vector), employs a form of temporal mod-
ulation. Therefore, we started by summarizing the main effects of atmospheric seeing
on temporally-modulated imaging polarimetry, namely the reduction of spatial resolution
and the introduction of SIC. After describing the cons of the dual-beam (beam imbal-
ances), beam-exchange (extra measurements required) and asynchronous-readout solu-
tions, we derived the most important properties of a single-beam, synchronous polarime-
ter that aims to reduce SIC and optimize image restoration. These properties were trans-
lated in to a set of general requirements for the camera and modulator, that were in turn
used to evaluate the pros and cons of the different available technologies. This showed
that based on reliability, performance and technology maturity an FLC-based modulator
is the best current alternative for full-Stokes, high-cadence modulation. In addition, it
showed that the bottle neck of a synchronous polarimeter are the frame rate and noise of
the scientific camera employed.

The latter motivated the development of the FSP prototype, which is described in
this work. We have integrated, characterized and optimized an FLC based polarization
modulator, supporting the fact that a model-based design procedure can be satisfactorily
used to obtain achromatic polarimetric efficiencies. By comparing the required stability
of the modulation matrix with the characterization results, we derived the calibration re-
quirements in terms of the maximum changes allowed in wavelength, modulator housing
temperature, and driving frequency. In addition we characterized a custom-made pnCCD
camera never used in polarimetry before, and proved its suitability to do high-cadence,
high-sensitivity solar polarimetry from the ground. We selected a specific synchronization
between camera and modulator, which allowed us to develop an accurate model of the im-
age acquisition including the signals acquired during the shutter-less frame transfers, and
the strong variations on the sensor illumination that can be present when doing polarime-
try. The latter was used to develop a numeric technique for correcting image smearing
post-acquisition. The main properties of the pnCCD camera where characterized and its
polarimetric effects addressed when relevant. These include the effects of non-linearity,
residual offsets, common-mode noise (where the minimum number of channels for the
correction was derived) and readout noise.

We have preformed all the necessary steps to acquire the first-light measurements of
the integrated FSP prototype at the VTT solar telescope. These include the development
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of the reduction routines and acquisition of measurements working with both a spec-
trograph and filtergraph. These measurements allowed us to asses the suitability of the
FSP instrumental concept. We found that the superior sensitivity, noise, duty cycle of
the pnCCD camera, together with the high polarimetric efficiencies of the modulator are
crucial to acquire the extremely photon-starved measurements required by many science
cases. In addition, the high cadence and duty cycle of FSP proved crucial to allow the
restoration of the images by means of a MOMFBD, using only narrow-band data which
have low S NR. The restoration improved not only the spatial resolution of the Stokes
images, but also increased the signal levels. With FSP we measured scattering polariza-
tion with a polarimetric sensitivity of 8 x 107>, and detected sub-arcsec bipolar patches of
linear polarization at the 1 x 1072 level using the TESOS filtergraph.

We studied the residual level of SIC using non-modulated filtergraph measurements.
We found that at a modulation frequency of 100 Hz, if no image restoration is used, SIC
is below the 7 x 10~ noise level after averaging ~8 min of quiet-Sun Stokes images.
If the signal is preserved by using a MOMFBD restoration, then SIC is also preserved
increasing its level. After restoring 1.16 min of quiet-Sun measurements acquired with
FSP, we found artifacts at the 4 x 10~ noise level only in the edges of the images where
the AO performance is reduced due to seeing anisoplanatism.

There are a set of open questions and tasks that arise from the above-mentioned work,
and demand further investigation during the next phase of the FSP project. We list the
most relevant below.

e The dispersion of the FLC’s switching angles that we measured should be verified
and, in the positive case, included in the modulator model.

e Reducing the instrumental polarimetric offset is crucial to lower the level of the
artifacts introduced by various camera and modulator related effects (e.g. detec-
tor non-linearities, instability of the modulation matrix, etc.). A simple option to
compensate the instrumental offsets is to modify the exposure times of the different
modulation cycles. This solution will be implemented in FSP 1II.

e The calibration procedure has to be modified to contemplate variations of the input
illumination, in order to allow the implementation of a spatially-dependent demod-
ulation.

e The calibration of the pnCCD non-linearities has to be implemented.
e The tuning of the camera-modulator triggering delay has to be done.

e The synchronization between FSP and the scanning feature of the post focus instru-
ment, has to be optimized in order to fully exploit the high duty cycle of FSP.

e The modulator induced jitter, if any, should be properly characterized to asses
whether the modulator can be used further away from a focal plane, which would
reduce the variation of the modulation matrix across the FOV and may be advanta-
geous in terms of physical constraints for specific setups.

e The source of the observed artifacts in the 556.7 nm line should be identified in
order to allow a more accurate estimation of the residual SIC levels.
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e Multi-frame deconvolution algorithms that are better than a Wiener filter to decon-
volve very low S NR images, have to be investigated in order to improve the image
restoration results.

Let us end this section by discussing Fig. 3.2. As can be appreciated there, the ideal
regime in terms of SIC reduction corresponds to a modulation frequency, f,.,4, beyond
400Hz. Reaching such a high f,,,; with a synchronous, full-Stokes polarimeter implies
operating the camera at least at a FR=1600 fps. This solution is clearly not desirable be-
cause the resulting very low photon noise would impose a serious constraint on the camera
readout noise, in order to be photon noise limited. Moreover, there is no clear advantage
in terms of image restoration because the exposure time (~0.6 ms) is much shorter than
the typical 10 ms coherence time of the seeing. In this sense trying to further push the syn-
chronous approach beyond FSP II does not look like a good alternative. A better solution
should be trying to implement an asynchronous polarimeter using a different technique
than that used in ZIMPOL in order to reach f,,; > 400 Hz while keeping FR=100 fps,
a low readout noise and a high QF, FF and DC. A promising technology to implement
this alternative solution are the active pixel sensors where the charges corresponding to
the different modulation states can be accumulated separately within the pixel structure.
One version of such detectors, the DEPFET/Infinipix, are currently being investigated at
the semiconductor lab of the Max Planck Society in collaboration with the Max Planck
institute for Solar System Research. Note that many science cases do not require reaching
the ideal regime discussed above. Therefore many highly demanded measurements can
still be done if the residual SIC can be reduced to about 1 x 107, as done with FSP for
specific conditions.

7.1 The Fast Solar Polarimeter 11

The next phase in the FSP project, FSP II, implies the development of a science-ready po-
larimeter. The modulator package and calibration unit used in the prototype will be also
employed in FSP II. The camera will be replaced by a larger 1024 x 1024 pixel?> pnCCD
(see Table 3.2 for details) currently under development at the semiconductor lab of the
Max Planck Society. The camera will provide a larger FOV while keeping the 100 Hz
modulation frequency and low noise. To achieve this, 16 readout ASIC of a new type are
used, the so called VERITAS-1 (Porro et al. 2013). The larger FOV allows the imple-
mentation of a high-cadence, dual-beam system which has never been operated before.
If no beam exchange is used, the performance of the dual-beam setup strongly depends
on the ability of the flat fielding procedure to effectively suppress beam imbalances. In
addition the larger image size increases the data rate from 47 to 800 MBs~!. This would
demand the creation of data mining routines and the optimization of data reduction algo-
rithms (e.g. smearing correction) in order to minimize processing time and storage. One
important aspect related to the latter is the necessity of storing all the recorded frames,
which is strongly determined by the selected image restoration approach.

125






Acronyms

ADC
AO
ASIC
CAMEX
CCDh
CDS
CMOS
ENOB
FLC
FPGA
FPN
FSP
FSP 11
FWHM
HWP
IR
JFET
KAOS
LC
LCVR
LED
LOS
MFBD
MOMFBD
NB
OTF
PEM
pnCCD
PSF
PSG
QWP
rms

SI

SIC

SR
SVD
TESOS

Analog to digital converter (p.27)

Adaptive optics (p.?2)

Application specific integrated circuit (p. 27)
CMOS amplifier and multiplexer (p. 76)
Charge-coupled device (p. 3)

Correlated double sampling (p. 29)
Complementary metal-oxide-semiconductor (p. 3)
Effective number of bits (p. 50)
Ferro-electric liquid crystal (p. 3)

Field programmable gates array (p.27)
Fixed pattern noise (p.29)

Fast Solar Polarimeter (p. xii)

Fast solar polarimeter II (p.52)

Full width at half maximum (p. 80)
Half-wave plate (p. 12)

Infra red (p. 16)

Junction field-effect transistor (p. 77)
Kiepenhener institute Adaptive Optics System (p. 103)
Liquid crystal (p. 12)

Liquid crystal variable retarder (p.23)

Light emitting diode (p. 86)

Line of sight (p. 14)

Multi-frame blind deconvolution (p.41)
Multi-object multi-frame blind deconvolution (p. 2)
Narrow band (p.43)

Optical transfer function (p. 34)
Piezo-elastic modulator (p. 23)

Pn-type CCD (p. 3)

Point spread function (p.37)

Polarization state generator (p. 54)
Quarter-wave plate (p. 12)

Root mean squared (p. 31)

Speckle imaging (p.41)

Seeing induced crosstalk (p. xvi)

Static retarder (p.24)

Singular value decomposition (p. 22)

Triple Etalon SOlar Spectrometer (p. 105)
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Acronyms

Uv Ultra violet (p. 16)
VTT Vacuum Tower Telescope (p. 5)
WB Wide band (p. 43)

ZIMPOL  Zurich IMaging POLarimeter (p.47)
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Nomenclature

R p» PP

pixel

SCOOooC

C

Identity matrix of the appropriate dimensions (p. 10)

Polarimetric efficiencies matrix (p.22)

First frame transfer matrix coeflicient (p. 82)

Frame transfer coefficient (p. 82)

Pixel area (p. 30)

Magnetic field (p. 13)

Second frame transfer matrix coefficient (p. 82)

Short form for cos(26) (p. 10)

Coefficient in the dispersion law of the FLC retardance (p. 24)

Azimuthal angle of the magnetic field vector defined with respect to the Stokes Q
direction (p. 14)

First coefficient in the temperature dependence law of the FLC switching angle
(p-24)

Second coeflicient in the temperature dependence law of the FLC switching angle
(p-24)

Demodulation matrix (p.21)

Demodulation matrix element (p. 21)

Telescope aperture (p. 19)

Telescope pupil transmission function (p. 42)

Duty cycle (p.4)

DCy., Scan duty cycle (p. 105)
DCNU Dark current non-uniformity (p.29)

Used to denote an interval or change in a quantity (p. 14)
Phase of a wave (p. 8)

Retardance (p. 11)

Frame transfer coeflicient (p. 82)
Spectral resolution (p. 17)

Angular resolution (p. 17)

Temporal resolution (p. 17)

Zeeman splitting (p. 14)

Electric field (p.7)

Electric field component (p. 8)
Polarimetric efficiencies vector (p.21)
Polarimetric efficiency (p.21)
Expected value operator (p. 99)
Temporal frequency (p. 36)

Filling factor (p. 30)
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Modulation frequency (p.23)

Field of view (p. 25)

Frame rate (p. 30)

Fourier transform operator (p.42)

Full well charge (p. 30)

Conversion gain (p. 30)

Landé factor of an atomic transition (p. 14)

Gain of an optical system (p.9)

Wiener filter parameter (p.42)

Inclination angle of the magnetic field vector defined with respect to the line of
sight (p. 14)

Solar spectral irradiance (p. 19)

Point spread function (p. 37)

Diattenuation vector (p.9)

Optical transfer function (p. 34)

Altitude (p. 32)

Matrix coefficient of the homogeneous solution of the frame transfer equation
(p- 83)

Measured or estimated demodulation matrix (p. 69)

Measured or estimated modulation matrix (p. 69)

Measured or estimated normalized Stokes vector (p. 69)

Measured or estimated Stokes I parameter (p. 16)

Measured or estimated vector of intensities (p. 21)

Measured or estimated common mode artifact (p. 90)

Measured or estimated Stokes Q parameter (p. 99)

Measured or estimated Stokes vector element (p.21)

Measured or estimated Stokes vector (p. 16)

Measured or estimated Stokes U parameter (p. 101)

Measured or estimated Stokes V parameter (p. 39)

Charges flux produced in a CCD (p. 80)

Stokes I parameter (p. 8)

Smeared Stokes I parameter (p. 79)

Vector of smeared Stokes I parameters (p. 82)

Dark current (p. 30)

Fourier transform of Stokes I (p. 34)

Digital offset of the camera (p. 79)

Vector of intensities (p. 82)

Total angular momentum quantum number (p. 13)

Wave number (p. 8)

Transmittance of a partial linear polarizer along its optical axis (p. 11)

Transmittance of a partial linear polarizer along a direction orthogonal to its opti-
cal axis (p. 11)

Used for general proportionality constants or coefficients (p. 12)

A vector of constants k (p.42)

Spatial frequencies vector (p. 34)

Error metric (p.42)



Nomenclature
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Vector containing the modulator parameters (p. 61)
Wavelength (p. 11)

Orbital angular momentum quantum number (p. 14)
Mueller matrix (p.9)

Mueller matrix element (p. 9)

Cosine of the angle between the LOS and the normal of the solar surface (p. 104)
Noise (p.79)

Refractive index (p. 33)

Discrete time or frame number (p. 78)

Fourier transform of the noise (p. 42)

Set of the integers numbers (p. 83)

ADC resolution (p. 30)

Number of calibration measurements (p. 68)
Signal due to the common mode artifact (p.79)
Number of columns of an image sensor (p. 30)
Dark noise (p. 79)

Extraordinary refractive index (p. 11)

ADC effective number of bits (p. 50)

Number of frames (p.42)

Non-linearity (p. 30)

Number of modulation states (p.21)

Number of modes used in a MFBD (p. 42)
Ordinary refractive index (p. 11)

Number of objects used in a MOMFBD (p. 43)
Photon noise (p. 19)

Read out noise (p.79)

Number of rows of an image sensor (p. 30)
Number of scans (p. 105)

Noise to signal ratio (p. 18)

Number of Stokes frames (p. 93)

Noise vector (p. 68)

Number of shielded channels used for common mode correction (p. 90)
Modulation matrix (p.21)

Modulation matrix element (p. 37)

Orthogonal basis functions used in a MFBD (p. 42)
Angular temporal frequency (p. 8)

Generalized pupil function (p. 42)

Polarization vector (p.9)

Principal Zeeman component (p. 14)

Photon or photo-electron flux (p. 19)

Seeing isoplanatic angle (p. 34)

PRNU Photon response non-uniformity (p. 30)

Short form for Q/I (p.9)
Stokes Q parameter (p. 8)
Quantum efficiency (p. 19)
Rotation matrix (p.9)
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Nomenclature

ro Fried parameter (p. 33)
R Set of the real numbers (p. 10)

r Bi-dimensional position vector (p. 33)

S Stokes vector (p. 8)

So Alternative form for Stokes I parameter (p. 9)
S Alternative form for Stokes Q parameter (p.9)
S Normalized Stokes vector (p. 68)

So Alternative form for Stokes U parameter (p. 9)
S Short form for sin(26) (p. 10)
S3 Alternative form for Stokes V parameter (p.9)

S Stokes vector element (p. 37)

o Standard deviation or rms value (p.21)
op Blue Zeeman component (p. 14)

lo Red Zeeman component (p. 14)

0. Quantization noise rms value (p. 30)
Ocam Total camera noise rms value (p. 31)
0y Dark noise rms value (p. 30)

o) Photon noise rms value (p. 19)

T o Read out noise rms value (p. 30)
SNR Signal to noise ratio (p. 3)

T Temperature (p. 24)

t Time (p. 8)

7o Seeing coherence time (p. 34)

t, Exposure time (p. 34)

0 Scattering angle relative to the propagation direction of the incoming beam (p. 12)
0 Position angle of the optical axis of a given optical component relative to the

Stokes Q direction (p. 11)
Rotation angle of a reference frame rotation (p. 10)
FLC switching angle (p.24)
Period of the CCD charge readout clock (p. 82)
Switching time (p.51)
Period of the CCD charge transfer clock (p. 80)
Total life time of the charge wells in the pnCCD (p. 92)
Short form for U/I (p. 9)
Stokes U parameter (p. 8)
Matrix coefficient of the particular solution of the frame transfer equation (p. 83)
Matrix coefficient of the periodic solution of the frame transfer equation (p. 84)
Short form for V/I (p.9)
Stokes V parameter (p. 8)
Speed (p. 18)
Voltage (p. 63)
Polarizance vector (p.9)
Line of sight velocity (p. 16)
Horizontal position or column number (p. 78)
Modulus of the complex modulating amplitude of a quasi-monochromatic wave

(p-8)
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Nomenclature

xs
y

Horizontal position or column number of the shielded pnCCD channels (p. 90)
Vertical position or row number (p. 78)
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