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PREFACE

The thesis titled 'Stokes Polarimetry and the
Measurement of Vector Magnetic Fields 1in Solar Active
Regions', describes an attempt to measure the Stlokes
polarisation profiles of Zeeman sensitive spectral lines
»to use these profiles to infer the vector magnetic field

and other physical parameters in sunspols.

Chapter I spells out the need for the measurement of
solar vector magnetic fields. Although techniques for the
measurement of vector fields have evolved since 1913, no
perfect method has emerged. It also gives & schematlic
preview of the later chapters and compares lhe present

work with that done elsewhere.

Chapter II discusses the instrumentation used. The
Solar Tower/Tunnel Telescope, spectrograph and the camera
system is described first. For the sake of completeness,
a brief introduction to Stokes parameters and Mueller

Calculus has been included.

This 1is followed by detailed analysis of the
instrumental polarisation produced by the coelostat
system. The instrumental polarisation is next estimated
for various hour angles and declinations. The implication
of these estimates for the observation are pointed out.
The positioning of the primary of the coelostal system is
then compared with that predicted from the formulae

developed for the analysis.

The spectroscopic principles underlying the
observations are outlined, which is followed by some
arguments that lead to the present choice of using Zeeman
sensitive spectral lines for polarisation measurements, in
the X6300 & region.

The construction of polarimeter wused in these



measurements is described and errors in the measurement of

the Stokes parameters due to this system are then
evaluated.

The measured separation of the Stokes V components of
the two Zeeman sensitive spectral lines Fe I A6301.5 and
Fe 1 X6302.5 are shown to be consistent with their Lande g
values thus confirming the reliablity of the polarimeter.
Alttemplts to improve the seeing conditions within the
telescope as well as to remove suspended dust particles,

(which introduces scattered light), are reported.

Chapter III outlines the procedures followed for the
data analysis. A summary of the observations made are
given. The first step in the data analysis is the
conversion of photographic densites into a digital format.
This is followed by a description of the stages involved
in the reduction of the data which include the noise
filtering, wavelengtlh calibration, conversion from
densities to intensities, deriving the the spectral
line—~to-continuum ratios, algebraic operation on the data
to extract the Stokes profiles, and finally, the off-line

correcltion for the instrumental polarisation.

Chapter IV describes the analytical formulation for
the transfer of polarised radiation in a magnetic field.
These analytical formulae are then used in the non-linear

least squares fitting of the observed profiles.

The problem encountered in the conventional Margquardtl
scheme for the non-linear least sguares fitting are
enumerated. Modifications to these technigques are then
attempted. Rigorous tests on the modified algorithms for
both synthetic as well as real data proved to be
successful. This modified scheme was applied to the
Stokes profiles obtained from the unpolar sunspot HKKL
18303 (NDOAA 4810). A set of eight parameters namely, the

strength, inclination, and azimuth of the magnetic field

|



vector, the line-centre wavelength, opacity ratio, Doppler
widths, slope of lhe source function and damping constant
are then retrieved from the observed Stokes Q, U, and V

profiles, for one scan across the sunspot.

Chaplter V summarises 1the previous chapters and
highlights the strength and weakness of the observational
scheme used here. Improvements te the data acquisition
methods as well as the subseguent inversion of 1the

Stokes profiles are suggested.

In the Appendix, the design and <construction of an
ellipsometer to measure the complex refractive indices of
the coelostalt mirror surfaces is described. This device
is necessary to monitor the <changes in the refractive
index caused by the ageing of the aluminised mirror
surfaces. The refractive indices determine the Mueller

matrix of the coelostat systlem.
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CHAPTER I
INTRODUCTION

1. THE NEED FOR STOKES POLARIMETRY AND THE MEASUREMENT OF
VECTOR MAGNETIC FIELDS

Magnetic fields play an important role in the energy
balance of the almospheres of our Sun and the solar-tlype
stars. They wield dominant influence on the formation of
various observed structures and control the physical
processes that take place on the Sun. The Sun is a giant
labaoratory providing us wilth examples of a wide variety of
structures formed under the simultaneous influence of the
thermodynamic, hydrodynamic and radiative processes. The
observed features vary from scale sizes ranging from a few
kilometres to several tens of thousands of kilometres. It
is now well known that the interaction of magnetic fields,
convection and radiation are responsible for the formation
of active chromospheres and coronae of Sun and possibly
the solar type stars. Our knowledge of the magnetic field
strength present in the various structures on the Sun and,
to a small extent, 1its direction, has aroused serious
questions on its role, in the evolutionary course of these

objeclts.

The three dimensional structure of the solar aclive
regions is still an enigma; the need for an understanding
of tlhe three-dimensional magnetic field configuratien
here becomes immedialely obvious. To understand the
underlying physical and magnetohydrodynamic nature of
these slructures, a knowledge of the vector magnetic field
will be very useful. We have to answer such guestiaons as!?
What is the role of the magnetic field in the formation
and evolution of sunspots? Do they influence the Evershed
flow - the radial movement of material in sunspotl
penumbrae? How does the vector magnetic field influence
the energy balance in sunspols? How does the wvector
magnetic field affect the formation of complex sunspots

whose energetics and dynamics resull in the occu#?nce of



solar flares — a consequence of the departures of these
magnelic structures from force—-free equilibrium? It is now
well known that the large scale structures in the solar
atmosphere are rooted in foot—points on the turbulent
solar photosphere. What changes in the vector magnetic
fields at these fool-points will produce those ohservable
changes of these structures at the chromosphere and the

corona?

The measurement of BStokes polarisation profiles
arising from the Zeeman sensitive magnetic field regions,

apart from yielding the direction and strength of the

magnetic fields, have themselves been an important
diagneostic tool for unraveling the underlying
thermodynamical and physical properties of these

structures ( Solanki 198&4; Solanki and Stenflo 1984,1985:
Stenflo et.al. 1984 ). Usage of tLhe Stokes polarisation
profiles of the Zeeman effected lines in such diagnostics,
particularly the G, U and V profiles vector magnetic field
measurements will go a long way in understanding tlhe
temperalture, pressure , density and the vector magnetic
configuration of these structures. We are yet to
understand the departures of the shapes of the Stokes
profiles from their symmelrical or anti-symmetrical
nature( e.g. Illing et.al. 1974; Stenflo et.al. 1984;
Landol fi et.al. 1284 ; Landi Degl® Innocentt, Landtil
Degl® Innocenti 1977; Balsubramaniam 1984) , ascribed to
gradients in either the vector magnetic +field parameters
(strength and directions) or the physical parametlers

(temperature, velocities, densities, pressure etc).

We are still unable to understand the effeclt of such
complex situations on the transfer of polarised radiation.
Several anomalies seem to exist in comparing observaltions
of the Stokes profiles when they are compared with that of
the theoretically generated polarised radialtive transfer
equations ( West and Nagyard 1983 ). 1t is necessary Ulo

develop quicker ways of deriving the vector magnelic field



from the measurement of Stokes profiles across spectral
lines.

2.HISTORICAL PERSPECTIVE

The first questions about the presence of the
magnetlic fields on the Sun were raised by Schusier
( 1892,1912 ). Beginning with the assumption that every
rapidly rotating large body must produce a magnetic field,
he calculated the Earth's magnetic field and ewven the
Sun's magnetic field and said that it should be about 440
times greater than the Earth's field. Indirect evidences
indicating the presence of magnelic fields on the Sun was
noticed by several astronomers. Bigelow ( 1889 ) sujgested
that the Sun must be a magnet because coronal streamers
near the poles of the Sun agree well in form with the
lines of force of a bar magnet. Strdmer ( 1892 )calculated
trajectories of electrical corpuscles maving out of the
Sun under an assumed magnetic field and the resulting
turves resembled the structure of the corona. Deslandres
( 1912 ) applied the same idea to the case of prominences
and concluded from their forms and radial velocities that,
the ions which compose them are moving under the influence

of the magnetic field.

With the discovery of the splitting of the spectral
lines, when a light source was placed under the influence
of magnetic field, by Pileter Zeeman (18%96), Hale (1913)
used the Zeeman effect to measure the magnetic fields an
the Sun . He used & Nicol prism and a guarter wave plate
to measure the magnetic fields in sunspols in several
spectral lines. From his observations Hale first arrived
at the general magnetic field of the Sun to be about 30
Gauss. He also analysed the magnetic structure of sunspols
and their bi-polar mature. His observations reaffirmed the
earlier beliefs that the magnetism of the Sun is due to

the axial rotation of a body as though it carried a



residual volume charge.

The ohservations of Hale was put on a sound
theoretical basis by Sears ( 1913 ). In an attempt to
understand the polarisation of the spectral 1lines caused
by the solar magnetic field, he was the first person to
emphasize the importance of the instrumental polarisation
due to the telescope and the intervening optics. He
derived the relative intensities of the ¢ and m components
of the Zeeman splitting. They are

Io = 0.25 ( 1 £ cos » )2

I = 0.5 sin” »

Ro = 0.25 ( 1 % cos » )2,
+

where » is the inclination of the magnetic field vector to

the line—-of-sight.

Hale and Nicholson ( 1938 ) devised a simple grid to
measure the circular polarisation of the Zeeman broadened
spectral lines. The grid simply divides the spectrograph
¢lit into shorlt segments and transmits right and left
circularly polarised light in the alternate segments. The
grid consists of strips of A/4 plate, followed by a
polaroid. The strips of the A/4 plate are orienled so as
to alternately suppress each sigma companentl. For
measuring the transverse magnelic field, A/2 plate-strips

are used.

Babcock ( 1953 ) invented the solar longitudinal
magnetograph to measure the weak longitudinal magnetic
fields on the Sun. Using the Fe I A5250.22 A spectral line
(Lande’'g factor is 3), the circular polarisation from the
wings on either side of the spectral line was isolated
with a pair of exit slits. The polarisation of the beam
was modulated at the entrance of the spectrograph with the
help of an electro-optic modulator followed by a
polariser, to alternately isolate the right and left
circular polarisations from the spectral line-wings.

Photomultipliers at the exit slits detected the circular



polarisation which was then fed 1tlo a differential
amplifier, whose signal was proportional to the magnetic
field. Babcock's magnetograph was able to measure +fields
between 1-20 Gauss. Using the magnetograph he produced
maps of the general magnetlic field of the Sun
(magnetograms). He was able to show that there was a
persistent magnetic field in the heliographic latitudes

above * 65° and also confirmed the Sears displacement law.

In an attempt to explain the formation of the solar
magetic field and the various magnetic structures on the
Sun, Babecock ( 1961 )} proposed the first solar dynamo
model based on the his observations of the magnetograms.
His dynamo theory was able to explain the formation of the
bipolar magnetic regions, the Sporers law as well as tLhe
butterfly diagram. He was also able to explain the
magnelic polarities of sunspols as well as the reversal of

the dipolar magnetic field on the Sun.

The first magnetograph to measure transverse magentic
fields was due to the pioneering work of Severny and his
coworkers at the Crimean Astrophysical Observatory
( Stepanov and Severny 1962; Nikulin 1944; Severny 1964,
1265 ). Their transverse magnetograph was a modification
of an existing longitudinal magnetograph at the A 5250.2 A
spectral line., A A/4 plate was introduced, in addition to
the existing * AX/4 ADP electro-optic modulator, to
actheive a MA/2 modulation, to detect the transverse
magnetic field. The signals from the photomultipliers
located at the wing of the Zeeman broadened 1line was
added, instead of subtacting them, as in the Babcock's

scheme.

To measure the magnetic fields on the Sun in a
'one-stroke® recording. Leighton ( 19546 ) invented a
technique to measure the longitudinal magnetic fields on
the Sun. Two spectro—heliograms are separately, and

simultaneously recorded at the exit of tthe spectrograph,



each on one wing of the Zeeman sensitive 1line to record
the circularly polarised intensities. While one
spectroheliogram is for the right «circularly polarised
intensities, the other 1is for the left circularly
polarised intensities. In areas where there are magentic
fields, the relative displacements of the ¢ ~ components
result in an increase in the intensity of one
spectroheliogram and a decrease in the other. To take the
algebraic differences in intensity of the
spectroheliograms corresponding to the longitudinal
magnelic fields, a positive transparency is made of one of
the spectroheliograms, and is superposed on the other. A
print through the two then constitutes a photograph of the
magnetic field. One polarity of the magnetic field shows
up as dark while the other shows up a bright. The results
of the intimate relationship between the calcium plages
and the coarse network with that of the magnetic fields
has been established with this technigque. The limitation
of the technigue is the inaccurate calibration of the
magnetic field, whereas its advantage lies in the speed:
the entire disc of the Sun could be measured in a few

minutes.

It would be of interest to note here that the first
measurements of the magnetic field at Kodaikanal was due
to Bhattacharyya ( 1969 ), who built a longitudinal
magnetograph to map the general magnetic field of the Sun.
His technique was similar to that of Babcock's, in using
an electro—oplic modulator ( an ADP crystal ) to
alternately chop the right and 1left circular polarised
components of the Zeeman broadened lines. At the exit of
the spectrograph the wings of the spectral 1line Fe I
AS5250.22 A as well as the line centre were isolated to

simultaneously measure the magnetic and velocity fields.

Systematic measuremenls of the vector magneltic field
of the Sun, particularly across sunspots was <{irst tlaken
up by Treanor ( 1960 > and further improved by Adams



( 1963 ). Their method of analysis consisted of wusing a
Babinet compensator with a polarcid. They also made
detailed analysis of the vector magnetic field, including
the measurements of gradients in magnetic and velocity
fields across a sunspot. The limitations included not

considering the entire spectral line.

Umo ( 1956 ) first developed the theory of polarised
radiative transfer and spectral 1line formation in a
magnetic field. For an arbitrary inclination of the
magnetic field, using all the four Stokes parameters he
developed the solutions of these equations. His theory
gave impelus 1o using the polarisation information along
the entire spectral line and thus help in measuring other
physical parameters apart from the purely vector magnetic
field parameters. His theory was mainly based on pure

absorption and a Milne—Eddington model atmosphere.

Stepanov in a series of papers published hetween 1958
and 1960, almost parallely improved the theory of
polarised radiative transfer, computed the effective
absorption coefficienls as a function of the inclination
of the magnetic field and included both scattering as
well as true absorption and attempted at a more

gjeneralised formulations of these equations.

Since the measurement of the vector magnetic field

cannot be isolated from the physical conditions in
sunspols, Rachkovsky ( 19462 ) included the presence of
magneto—optical effects. His contribution was a

significant factor in understanding the effect of Faraday
rotation of the linear polarisation and its influence on
the results affecting the calculation of the transverse

magnetic fields on the Sun.

Daily maps of the longitudinal magnetic field of the
entire solar disc are now produced by the Kitt Peak

National Observatory using their 512-channel magnetograpgh



(Livingston et.al 1976 ).The magnelograph uses the Fe I
A 5250.2 A spectral line. The polarimetric optics
essentially uses an electro—-opltic modulater to chop tlhe

right and left circular polarisation alternately.

Limitations of the measurement of both the transverse
and the longitudinal field is mainly because of the
following reasons: Magnetographs, both of the longitudinal
as well as the transverse types, use only portions of the
spectral line for measuring the magnetic fields. MWith
narrow slits using only portions of the spectral line, the
complete information is not fully extracted. Zeeman
saturation occurs because of the non-linear behaviour of
the line of sight component of the magneltic field.
Physical parameters of the spectral line forming regions

are also nolt completely extracted.

Improvements to the theory of spectral line formalion
was formulated by Beckers ( 19469 ), ( including
magneto—optical effects), by studying the Zeeman profiles
of Fraunhoffer lines in the presence of the magnetic
field. Numerical studies in this direction have been made
for both LTE as well as non-LTE conditions ( Rees 1969;
Moe 1968 ) by fixing the relevant model atmospheres.

Attempts to measure all the four Stokes profiles of a
Zeeman broadened spectral line was systematically first
done by Wittmann ( 1973 ) using a polarimeter arrangement.
To help in the analysis of these Stokes profiles, Wittmann
( 1974, 1977 ) was the first to develop synthesis
radiative transfer codes to generate the solar spectrum,
using a detailed model atmosphere. He generated the Stokes
profiles f}om the Unno-Beckers equations of polarised

radiative transfer.

At about the same time, Stenflo ( 1973 ) invented the
line-ratio technique. His idea was to verify the magnetic

and physical properties derived from two spectral lines



formed under similar thermodynamic condition. Using the
Stokes I and V profiles of 1the Fe I X 5250.22 A and
Fe I X 5247.06 A spectral lines which differ mainly in the
values of their Lande g-facltors, he estimated that <+field
strengths of the order of 2000 Gauss must be present in
the photospheric network. He also calculated the extent to
which the Fe I A 5250.22 A spectral line is weakened 1in
the network structure and also calculated the downward
velocities at the supergranular boundaries to be of the
order of 0.5 Kms~1. Such is the power of the line-ratio
technigque that, to the present day it has been able 1to
obtain information on spatially unresolved flux tubes and
the physical and thermodynamic properties of the medium,

using the ratio's of the Stokes profiles.

A milestone in the theoretical formalism of the
polarised radiative transfer equations was due to Landl
Degl * Innocent and Landi Degl®Innocentt ( 1972 ).
Starting from the basic atomic physics and quantum
mechanical formulations, they developed the equations of
polarised radiative transfer in the most self consistent
way, that included all possible physical processes. They
have numerically computed the Stokes profiles derived from
these equations for both LTE as well as NLTE. Analytical
solutions of the Stokes profiles have also been developed
for a restricted case of a homogenous atmosphere with the
region of spectral line formation in the Milne—-Eddington
approximation ( Landolfi and Landi Degl® Innocentt ,
1978 ). All physical parameters within the depth of
formation of the spectral 1line are assumed o be a

constant.

Regular maps of the vector magnelic field in the form
of transverse and longitudinal contour maps are produced
from two places. The first one is from the NASA Marshall
Space Flight Centre, Huntsville, Alabama. Using a
telescope of 30cm aperture, and a polarimetric arrangement

basically involving a KDP analyser followed by a



polarising optics, Stokes filtergrams are recorded. The
filtergrams are recorded using a CCD device about the Fe I
A 5250.22 A line. A birefringent tunable filter is used in
conjunction with the polarisation optics to record the
polarised filtergrams over a broad—-band. The filtergrams
cover either a 2Zx2 arcminute or a 5x5 arcminute field of
view. The lower limits on the measurements is about 70
Gauss in the transverse field and about 4 Gauss in the
longitudinal field. ( Hagyard et.al. 1983; Hagyard
et.al. 1982 ). The spectral resolution of the filtergrams
is limited by the pass—band of the +filter transmission
profile which has a full-width—at—half-maximum (FWHM) of
0.125 A.

The Tokyo Astronomical observatory also produces
daily vector magnetograms ( Makitea et.al. 1285 ). Their
method of detection uses four photomultipliers in the
wings of the Fe I A5250.22 & line to detect both the
linear and <circular polarisation. Their polarimetric
arrangement consists of a roltating waveplate and a
Wollaston prism. Although they use only a partion of the
spectral line, their resolution corresponds to about 5
Gauss in the longitudinal direction and ahout 200G in ‘the

transverse direction.

One of the first attempls to produce complete veclor
magnetic field maps of sunspotls using the entire Stokes
line profile and integrating the observation with theory
in terms af an inversion procedure was by Kawakami
( 1983 ). He developed a full 1line Stokes polarimeter
using the Fe I A6301.5 A (g=1.667) and Fe I A6302.5 A
(g=2.3) at the Tokyo Astronomical Observatory and used it
to make maps of the vector magnetic field of unipolar
sunspolts. He, ofcourse, used the magneto~optical effecls
in a restricted sense. The magneto-optical effects were
used to derive the azimuth of the magnetic field only, but
were ignored while deriving the physical parameters like

Doppler width, damping constant, velocities etc.
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The Haleakala Stokes polarimeler uses a coronograph
to measure the Stokes profiles from solar active regions.
( Mickey 1983 ). Very low scattered light levels and wvery
high signal to noise have been the highlights of this
instrument. The detection sensitivily involved is a few

parts in 104.

Noticeable in the literature, have been reports of
measuring polarisation upto sensitivities of one part in
ten million to one part in hundred million, ( Kemp
et.al 1987). Their instrument is essentially a polarimeter

using photo—-elastic modulators.

Stokes polarimetry with the Kitt Peak Fourier
Transform Spectrometer at the Mc Math Telescope has
yeilded valueable information on the nature of magnetic
fields in solar active regions (Narvey et.al 1980; Stenflo
et.al 1984 )

One of the biggest stumbling blocks 1in Stokes
polarimetry has been the extraction of the vector magnetic
field and other physical parameters from the observations.
Since the problem is an inverse one, of fitting the
observed Stokes profiles with that of the theoretically
generated ones, several attempts have been made to
interpret the observations. Earliest of these have been tao
synthesize the Stokes profiles and then fit them to the
observations ( e.g., Wittmann 19746 ). Since synthesis
itself 1is a 1laborious and time <consuming task and,
involves a large amount of computational work, it has so
far not yet appealed as a quick and a relatively less
model dependent method. Yet another method is the use of
semi-emperical methods combined with the polarised
radiative transfer equations (e.g. the work of Kawakami ).
In Kawakami's work, again the magnetop—optical effects have

been used in a restriced sense.
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A more suitable method of comparing the observed
Stokes profiles with the theoretically generated ones was
first evolved by Auer, Heasely and House ( 1977 ), called
the AHH routines. The method was a non—linear leaslt square
optimising technigque wusing the Margquardt algorithm
( in Bevington 19692 ). In the AHH routines, all the four
Stokes profiles were attempted to be fitted with those of
the profiles generated from the analytical solutions. The
AHH method incorporated several simplifications to the
line formation in magnetic <field and had ignored the
magneto—opltical effects. They had effectively used a
4~parameter fit vik. the Doppler width, the ratio of the
line centre-to continuum optical depth, the magnetic field
strength and the inclination of the magnetlic field

strength to the line—of-sight.

Landi Degl'® Innocenti, Landil Degl®Innocentii and Arena
( 1984 ), refined this technigue of the mnon—-linear least
square technigque wusing the Marguardt algorithm by
including the magneto—optical effects. Inclusion of tlhe
magneto—optical effects as well the the damping parametler
in their routine, called the ALL routine, which greatly
helped in reproducing the theoretically generated profiles
which they had used to test the routines.The ALL routines
used a &-parameter fit to their solution. apart from
retaining those of the AHH.

In a recent development to this technigque, Skumanich
and Lites ( 1987 ), used only the Stokes @, U and V
profiles in their fit to compare the profiles. The reason
for dropping the Stokes 1 profiles in their fit was that
in any given observation, the I profiles is more likely to
be contaminated by telescope parasitic light (the
scattered light). Also since the I profile arises from
both magnetic as well as non-magnetic elements, wusage of
the I profile would strongly influence the results in the
non—-linear least sgquare fitting procedure. Since the Q, U

and V polarisation profiles strictly arise from the
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magnetic regions, these alone are considered. For the
purpose of analysis one may treat both these effects ~——
the fraction of the I profile from non—-magnetic regions as
well as the fraction of I profile from parasitic light -——
on the same footing, since they cannot be separated . out.
Skumanich and Lites made use of an &—-parameter fit to fit
the observed profiles with that of the analytical
solutions, namely, no—the opacity ratio, Aln— Doppler
width, H -~ Magnetic field strength, w — inclination of the
magnetic vector, x — azimuth of the magnetic field vector,
a — damping constant, Xo — the line centre wavelength and

pB‘ — the slope of the source funcltion.
3.WHAT DOES THIS THESIS ATTEMPT TO DO 7

Since measurement of the Stokes polarisation profiles
and the deduction of vector magneltic fields in solar
active regions has been a primary gecal in understanding
the nature of the solar atmosphere, this thesis
specifically attempts to devise a way to measure tLhe
Stokes profiles of Zeeman sensitive spectral lines. Using
the Kodaikanal Solar Tower/Tunnel Telesope and
Spectrograph, not originally meant for polarisation
measurements, this detailed study is to exploit the
feasibility of such telescopes to make the measurements,
given its limitatiens. This study has evolved through

several stages.

A detailed study of the instrumental polarisation of
the Tower/Tunnel coelostat system and the limitations
imposed by the instrumental polarisation, was made and a
compuler code for off-line corrections of the instrumental
polarisation was first developed. This was followed by a
choice of a resonable Zeeman sensitive spectral lines that
will be required to make the measurements. Next a
polarimeter was designed and constructed to measure all
four Stokes paramelers based on the logistical and

mechanical constraints imposed on the existing set-up.
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Using the polarimeter in conjunction with the
spectrograph, the Stokes spectra are recored in form: I+Q,
I-Q, I+, I-V, I+U, I-U. The spectra are registered on a
353-mm spectrospcopic emulsion, Kodak 103-aE, as density
fluctuations, each frame covering a width of 50mm covering
the spectral region between AN 6299-6306 A. An intervening
lull in selar activity ( an unusually 1long one too )
because of the solar minimum (between the end of solar
cycle no. 21 and the begining of solar cycle no. 22),
coupled with uncertain weather conditions at Kodaikanal,
existed during the years 1983-1986. It was during this
period that a prototype ellipsometer, was designed and
developed, to measure the complex refractive indices of
aluminised mirror surfaces - a vital ingredient in the
knowledge of the instrumental polarisation due to the
mirror reflections — as the reflectivity of the aluminised
surfaces decreases with time. This aspect is mentioned in

the appendix.

Observations and analysis of the measurement of the
Stokes V profile asymmelries across a unipolar sunspol KKL
No. 18213 was made on March &, 1985 wusing the Fe L
A 6301.5 A and Fe I X &302.5 A spectral lines.

Daily observations of the Stokes profiles on three
sunspots, KKL 18303 (NOAA 4810), KKL 18313 (NOAA 4811) and
KKL 18315 (NOAA 4812) were made between the period of May
12-29,1987. These photographic spectra have been converted
to digital densities wusing a Photometric Data System

Microdensitometer.

Using the spectroscopic reductions package RESPECT
( Prabhu, Anupama and Giridhar, 1987 ) in conjunction with
the VAX-11/780 Computer at the Vainu Bappu Observatory,
1IA, Kavalur, a spectral reduction scheme was developed,
to convert the digital densities of the spectrum to a
useable form of intensities. The more agonising times have

been due to the fixing of a proper continuum to the
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spectrum, This was due to the presence of both parasitic
light in the spectrum as well as the efficiency of the
grating spectrograph for various relative orientations of

the polaroid to the slit of the spectrograph.

The non-linear least square fitting technigque wusing
the Marquardt algorithm was first developed to compare the
observed profiles with that of the Landolfi-Landi
degl'Innocenti analytical solutions. The algorithms were
based on the paper by Skumanich and Lites and have
retained the eight parameters mentioned earlier. Several
tests on this algorithm were made to check its efficiency
on test fits, during which it was found that certain
modifications of the algorithm as suggested by Fletcher
( 1971 ) were required. Use of Fletcher's algorithm to
simultaneously it the Stokes G, U and V profiles
certainly helped in a ¥§ster rate of convergence towards
the solutions, bul convergence rale decreased near the
solutions. Thus only some of the modifications of the
suggestion made by Fletcher were incorporated into the
original algorithm. This proved to be of better use in
reproducing the resulls. Repealed testls of the algorithm
have bheen made on synthetic Stokes G, U and V profiles,
for various values of the 8 paraneters before applying
them to the actual measurements. In all these tlests the
synthetic profiles were perfectly reproduced and all the

eight parameters perfeclly retrieved.

Sunspots were chosen due to several reasons. They are
strong magnelic field regions and hence a stable testing
ground for the measurement of vector magnetic field. It
was much easier to record Stokes profiles across sunspols
than any other active region as the meadasurements were made
during a minimum of the solar cycle and also sunspols were
a good testing groud for the method. Observing time with
favourable observing conditions 1like good seeing was
restricted to a short period, not exceeding two hours on

any day of observation. The photographic detection
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technique was also a limitation on the sensitivity of
detection. No on—line corrections for the instrumental

polarisation was made.

The data was digitised using the PDS 1010M
Microdensitomer, at I11A, Bangalore, and the spectral

reductions were performed using the RESPECT package. Once

the spectra were reduced, they were then added or
subtracted to obtain the Stokes I, G, U and V spectra.
They were then corrected for the instrumental

polarisation (which depended on the geometry of the
telescope as well as on the coordinates from the Sun)
based on the scheme mentioned earlier. The non—-linear
leaslt square opltimising technique was then used to fit the
observed Stokes profiles with the profiles generated from
the analytical solutions to derive wvector magnetic and
other physical parameters of the spectral line forming

region.
4. A COMPARISON.

Where does this thesis stand compared to earlier
attempts to make maps of the veclor magnelic field? . As
mentioned earlier, maps of the vector magnetic field are
regularly being produced by only two observatories. The
NASA MSFC and the Tokyo Astronomical Observalory. The
present spectroscopic observations are of a better
resolution than both of them, as it wuses the entire
spectral line profile in deriving the vector magnetic
field. Hence the calibration of the magnetic field 1is
better here. In terms of detection sensitivities, these
pbservations are rather poor as instrumental polarisation
is compensated off-line. Furthermore, photographic
detection 1is an added disadvantage. However, in the
methods of analysis, there lies an added advanltage of
using the non—linear least square fitting technigue.
Neither Kawakami (re&y. ctit.) nar the two vector

magnetographs mentioned use this method and particularly
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some of them ignore the magneto—optical effecls. Again
here, lthe vector magnetic field paramelers as well as the
physical parameters are determined simultaneously using

the non—linear fitting technique in a 'single-shot’'.

The MSFC magnetlegraph uses a KDP <crystal in their
polarimeter to chop the polarised signals. This introduces
a large amount of cross—-talk between the Stokes @, U and V
parameters. As a resultl, their method will be mare
suitable for measuring photospheric fields as well as
sunspotl penumbral field, but may not be very reliable for
observing strong—field regions like sunspol umbrae as the
cross—talk into the G signal would proportionally increase
with an increase in the V polarisation signal. The work
mentioned in this thesis complements the MSFC system. As
there is no KDP idinvolved here, no cross—talk is
introduced, hence strong fields can be safely measured.
However, since signal-to -noise 1is poor because of no
modulation, weak fields are not reliable here. It should
also be noted that since the MSFC Magnetlograph records the
polarised filtergrams, a quick two dimensional vector
magnetogram is produced, that makes morphological studies
easily possible, whereas, since no 2-D imaging 1is  used,
discrete positions of the slit about various positions of
the sunspotl is necessary to gel a two—dimensional picture

of the vector magnetic field with our set up.

The experience gained out of these measurements will
help in designing better vecltor magnetographs , including
on—-line corrections for the instrumental polarisation than
the current off-line techniques, having solid state
panoramic detectars for data acquisition, improved ways
of handling the data and improving the reduction
techniques and search for more efficienlt non-linear least
square fitting techniques or optimisation technigques which
can perform preferably better than the Margquardt
algorithm.
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CHAPTER II
INSTRUMENTATION

1. THE TOWER/TUNNEL TELESCOPE

The Kodaikanal Tower/Tunnel Telescope (Bappu 1947) is
located at lattitude 10°14 North and longitude 77°5 East.
The three-mirror coelostat telescope system was
manufactured by Grubb Parsons of U.K. and installed in
1939. The telescope essentially consists of a two-mirror,
fused quartz é1cm diameter coelostat mounted on a 11-m
tower, that vertically reflects down the 1light onto a
third mirror, also made of fused quartz, which in turn
reflects the beam horizontally onto a &0-m long
underground tunnel. The parallel beam of light falls on to
a 38-cm two-element achromatic objective of 36é6m focal
length. This yields a 34-cm solar image that has a scale
size of 5.5 seconds of arc per mm. The ray diagram showing
the optical path is depicted in Figurne II1-1.1.

The primary coelostat, of eguatorial mount tracks tlhe
Sun constantly in hour angle to feed the beam onto the
secondary coelostat. This is achieved by a synchronous
motor that 1is run by a crystal controlled frequency
stabilised oscillator. The frequency of the oscillator can
be tuned to vary the tracking rate (a function of the
declination) during the course of the year. Apart from
this, the primary coelostat moves on a North-South rail
thereby enabling the light beam to completely +fill the
secondary coelostat. For every observational session, the
primary coelostat is manually adjusted on these rails.
Hence, the primary coelostat is made to execute a
to-and—fro motion along these rails during the course of
the year. A scale attached to the rails can read-off the
position of the primary coelostat for each day of
observation. The scale is accurate upto half a millimeter.

During certain seasons of the year, when the elevation of
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FigeIl-1.1 : Schematic representation of the 3-mirror
system at Kodaikanal., M4, My, and M3 are
the primary, secondary, and tertiary
mirrors respectively. 1In practice ys and
z> have fixed values of 83 cm and 74 cm
respectively and x2 changes with declina-
tion.



the Sun equals that of the secondary coelostat (as seen
from the centre of the primary coelostat), a shadow of the
secondary coelostat falls on the primary blocking its view
of the Sun. To avoid this, the North—-South rails aon which
the primary coelostat rests is in turn movable on an
East-West rail system ,to secure it in a symmetrically
opposite position, East or West of the secondary

coelostat.

2. THE SPECTROGRAPH AND CAMERA SYSTEM.

The spectrograph is a Littrow type spectrograph whose
entrance slit is located at the image plane of the solar
disc. The spectrograph is housed in a 1long «cylindrical
tube running along the length of the tunnel.

The light from the slit of the spectrograph falls on
a 18.3~m focal length, 1lwo-element Hilger achromat, in
conjunction with a 600 1lines/mm Babcock grating, ruled
over an area of 200 x 133 mm and blazed in the fifth order
at AS000 A. The theoretical resolving power of the
spectrograph is 600,000. Tests by Nirupoma (19465) using an
iodine absorption source have shown that this theoretical

resolving power is achieved in the observed spectrum.

Since this a Littrow type spectrograph, the Hilger
achromat itself acts as & camera lens to image the
spectrum onto a plate holder or a film—transport system. A
one—to—-one correspondence exists between every point along
the length of the slit and the length of the spectrum (in
a direction perpendicular to the dispersion direction). A
cross—wire, 200 microns thick, serves as a reference for
identifying any point along the slit serving as fiducial
mark. This fiducial mark along the dispersion direction
also serves as an indicator of the exact dispersion
direction. For the spectra reported in this thesis, the
observations have been carried out in the A 4300 A region,

using the fourth order spectrum, which <corresponds to a
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resolution of 480,000 and a dispersion of 0.13 & mm—1.

3. STOKES PARAMETERS

Consider an electromagnetic beam of wavelength X
propagating along the positive Z-direction. Its electrical
variations along two orthogonal directions are given by

(¢. 8. see Clarke and Grainger -1971).

Ex = Exocos(mt -~ (z/A) + 6x)
—— (J1=3.1)

E =E cos (ot — (FTlz/A) + & )
y yo Y

From egquation (II-3.1) E\< and Ey may be related to each

other in the form

E E 2 E E cos(é -6
X y X "y Yy ® 2
+ - = gin (& -4 ) -—(11-3.2)
2 2 y
E E E E
X0 Yo X0 yoO

which represents the equation of a polarisation ellipse
(see Figure I11-3.1). The four quantities Exo'Eyo’éx and &

describe the polarisation ellipse. We require 1two more
quantities, { — the orientationof the semi-major axis of
the ellipse with respect to the x—axis (or the azimuth of

the ellipse) and its helicity (or the handedness).

Since a lot of confusion has existed in the
literature on the measurement of polarisation of
Zeeman-broadened 1line profiles, the following sign

convention is adopted. The helicity is right handed when
the E~vector rotates clockwise as viewed from the positive
z-direction , 1 > (6y-6x) > 0, and the helicity is
left—handed when the E-vector rotates in an anticlockwise
sense, O >(6yﬂ5x) > -f1. Defineyny as the ratio of the
semi-minor axis to the semi-major axis of the ellipse. We
may then further define the azimuth of the ellipse as (see
Filgure 11-3.1)
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Fig.I11-3.1 3 The relation between the orthogonal
electric vectors 1is represented in the
form of an ellipse., The size of the
ellipse is given by the semi-majer
axes 'a' and semi-minor axis 'b!,
while ¥, represents the azimuth or orie-~
ntation of the ellipse.



2 E E cas (& -6 )
X Yy y X

tan(2{) = ————(II-3.3)
E 2-g °®
Xo yo
and the ellipticity as
2n -4 Ex Ey cos (éy - 6x)
= ————(II-3.4)

2 2 2

1+n Exo + Eyo

We cannot directly observe the amplitudes and the phases
of the E-vector. When light passes through appropriate
optical devices, we can then measure the transmitted

intensities.

The Stokes parameters evolve as a consequence of the
relation between the observed polarised intensities of a
beam of light and the polarisation ellipse. For a detailed
description see Clarke and Grainger (12971) or Rees (19287).

The Stokes paramelers are defined as

z2 2

I =<E “>+ <E > 1
X0 yo
Q = <Ex02> ~ <E 02>
Y . ———(I1I-3.5)
U =2 E E cos (&6 — & >
X0 Yo y X
V o

=2 Eonyo sin (6y - Gx))
where <> denotes the time average over 1lhe observation
time interval which is »> v—q, the natural period of the
wave. I represents the total intensity of the beam of
light. @ represents the intensity difference measured
along two orthogonal directions. The ratio U/G would then
determine the azimuth of ellipse and the sign of V would
then determine the aLffggrcity. I# 6,6 = /2 then V
would be a perfect circular polarisation component. Hence
the polarisation ellipse would be completely determined.
One ambiguity, of course, remains: the orientation of the

azimuth (the semimajor/semiminor axis) is ambiguous by
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180° (see Figune I1I1-3.1). We may now represent the
intensity I of any beam of light as a sum of two
components, of which one is the polarised part Ip and the

other the unpolarised part Iu

4 .MUELLER CALCULUS

Any opltical component in the path of & light beam can
be described by a 4X4 matrix, the Mueller matrix, which
takes into account all forms of polarisation, retardation
and extinction introduced by it.

If

CI 1= (I,G,U,V)T

is the Stokes parameter of an incoming beam of light, then
on passing threough an optical component it transforms into

the Stokes parameter

CI*]=- [C1",Q",U",V")

as

[ 17 [ ™44 ™z Mz Mg ) [T
@ Mpqg  Maz M2z Mag @
ur M3q1  Mzz M3z Mag v

LV L Maq Mgz Mgz Maa ) LV

where mij represents the element of a Mueller matrix. This
is the basic principle for the interaction of the

polarised light with any optical medium.
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5. THE INSTRUMENTAL POLARISATION OF THE COELOSTAT MIRRORS

Stokes profiles of Zeeman sensitive spectral lines
are significantly distorted by reflecting mirrors.
Physically this distortion can be understood in terms of
the differential response of the electric vectors in and
orthogonal to the plane of incidence respectively.
Ideally, one must avoid several oblique reflections while
measuring the polarisation eof light. However, one cannot
prevent this in existing installations not originally
meant for polarisation measurements. For this reason, it
is essential that the intrumental polarisation be
determined precisely for all possible orientations of the
telescope. This has been done by several groups (Moe,
1968; Makita and Nishi, 1970; Livingston and Narvey, 1971;
Bachman and Pflug, 1783,Bumba,1962 ) for their respective
installations. A detailed description of the theoretical
approach for estimating the instrumental response of tlhe
Kodaikanal Solar Tower to arbitrarily polarised light is
presented here. The telescope reflection opltics has been

described in Section 1 of this chapter.
5.1 THE TELESCOPE GEOMETRY

Let us now consider a Cartesian coordinate system
whaose origin is the centre of the primary mirror (Figure
I1-1.1) 1i.e., (€0,0,0). The secondary mirror has the
E.YE.ZZJ and the tertiary mirror (X3.Y3.23).

The coordinates are such that a positive Y-direction is

coordinates (X

towards the west, and a positive Z-direction is towards
the zenith, all distances being reckoned from the centre
of the primary mirror. As the primary mirror can be moved
in the North-South direction in order to direct the
sunlight on to the secondary for different declinations of
the Sun, X2 will change with a «change in declination.
When the primary mirror is secured to the West of tlhe

becomes =Y.. Thus Y and 2 are fixed

secondary,Y 2 2 2

2

23



quantities. The centre of the secondary mirror is fixed,
but the mirror itself can be rotated about two axes to
facilitate the diversion of the light beam vertically down

to the tertiary mirror.
5.2 DERIVATION OF THE MUELLER MATRICES OF THE TELESCOPE

An incident Stokes wvector [ I 1 = (I,G,U,V)-r
referred to coordinate system defined by the electric
vecltor in and orthogonal to the plane of incidence on the
primary mirror transforms to the observed Stokes vector

CI*2 = (I',G',U',V')T
as

CI*']1=L H3] In REJ In NEJ In R13 In N13 CI 2

where [ H1], C HZJ and C H3] are the Mueller matrices of
the primary, secondary and tertiary mirrors, C R1J and
EREJ are the matrices describing the rotation of the
planes of incidence between successive reflections. The
output Stokes vector L I'] is analysed in a <coordinate
system where the plane of incidence of the third mirror
coincides with the slit direction of the spectrograph. The
Mueller matrix on reflection from a metallic surface is

described by the Fresnel's equations (Kawakami, 1983)

1+x2 1*12 0 ¢}
1-%x%  qax® 0 0

CM 2= 0.5 0 0 X cost X s inT -(11-5.2.1)
0 0 -HAsint HAKcosT

where X is vratio of the reflection coefficients of
linearly polarised light perpendicular and parallel to the
plane of incidence, and v is the phase difference between
reflected light polarised perpendicular and parallel to
the plane of incidence (Makita and Nishi, 1970).
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Here,

. a.. + bg — Za sin tan + sin.i tan‘t
X = ——=(11-5.2.2)
c. + b‘ + Za sim tan + sin.i tan’i
and
2b sint tant
tan 7 = - ’ ———(1I-5.2.3)
}ﬁ; Fsintt - (at+d™)
where
'

= 0.5 (n"—-k—sini+ ((n.—h.—sin‘i?:dn'h'))-(11—5.8.4)

-
»
|

= 0.5 (—ntkt+sirtt #(nt-k2= sinty Z{mh' )3—(11—5.2.5)

—p
!

it being the angle of incidence; n and k are the real and
imaginary parts of the complex refractive index,

respectively. The rotation matrix is given by

0 (@)
ocosas #sin2s
©sin2e cosz2e
* 0 0

CR(@)] = —e——{I11=5.2.6)

OO0
=00 O

where @ is the angle of rotation of tLhe plénes of

incidence.
5.3 DETERMINATION OF THE ANGLES OF INCIDENCE.

The first step in determining the Mueller matrix of
each reflection is to determine the angles of incidence.
This is done in the following way? In spherical
coordinates, let the origin be the centre of the primary

mirror. The secondary mirrer will then have coordinates,

X_= -d cosh cosA
1 z

2
Y2= d1cosh sinA 2 ————(l1-5.3.1)
22= d1 sin Az r
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where h is the altitude, Az is the azimuth of the

secondary mirror as viewed from the origin and

_ ) 2 2

d1—’/(x2+}'2+22 )

is the distance from the centre of the primary to the
secondary. The azimuth is positive when recorded from

North to West.

Consider now the celestial sphere with origin at the
centre of the primary mirror. Let the Sun have coordinates
h° and Aho as its altitude and azimuth, respectively. Letl
t and & be the hour angle of the Sun. The primary mirror
is mounted equatorially and the normal to the primary
mirror always points at the egquator. Let the hour angle
of the normal te the primary mirror be T. If ¢ 1is the
latitude of the place, then from the spherical triangle

PZME(iw%Ma II-5.3.1) we can write

sind = sing sinh + cos¢ cosh cosA- -———=(I1I-5.3.2)
Substituting equation (II-5.3.2) in equation (II-5.3.1), we
get

x2 22
sin &§ = —— cos¢ - — sing —_—(II-5.3.3)
d1 d1
For a given declination of the Sun, the value of Xa is
unique so that the light from the primary is always
reflected on to the secondary. One can solve for X2 from
equation (II-5.3.3) as
xz = RZ tany? ~———(1I1-5.3.4)
where
f=A+ sin | ((sins)/B)
-1
A = tan ((22/R2) tang )
B = ( cosa¢ + (22/R2)291n2¢ )
4 2 2
RE— (Y2 iza }

26



Fig.II-soB- 1

zl

t The celestial sphere representation of
the first two reflections. SMy{ is the
incoming ray reflected along SMs. This
ray is finally reflected towards the

nadir at M and hence will be parallel
to zz'.



Hence knowing the value of & for the Sun at any given

moment, we can adjust the position of the primary mirror.

The maximum rate of change of declination is 24
arc~seccond day-1 at & = 0 and the minimum rate of change
of declination is zero at & = 123.5'. As a resull the

maximal positional error of X2 in terms of declination, if
the mirror is adjusted every one hour of observation,will

be approximately one arc—-second.

To determine the angles of incidence of the first

mirror, consider the spherical triangle PZM2 (Figure
II-5.3.1). Knowing that

PIM A

2 z
PM2 = PG + GMZ = 90 + & ,
ZPM2 = (2T - ),
ZM2 = (90 - h)

we can apply the sine formula to obtain

sin PZM2 sin ZPM2
= —————— b 4
g8in PM2 sin ZM2
or
cosh sinAz = cosd sin(27T ~ t) ————(II-5.3.5)

Now consider the spherical triangle PSN. Here PN = 90-,
hence from the cosine formula (Smart, 1979)

cosi1 = coséd cos(T - t) - (I1-5.3.6)
Equations ¢( 11-5.3.5) and ( II1-5.3.6) can be used 1o
determine i1 (the angle of incidence of the 1light beam
w.r.t the primary mirror) using the known values of A and
qn. To determine the angle of incidence of the secondary
mirror (Figure II-1.1), consider the triangle defined by
the centre of the primary mirror (M1), the centre of the
secondary mirror (Ma) and the point of intersection of lhe
(XZYZ) plane and the line joining the secondary and the

tertiary mirrors, i.e., L1.The required angle of incidence
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iz is half the angle M M_L Thus,

17271
- M1L'1
i = 0.5 tan
2 M_L
2-1
2 2
» x2 + Yz
tz = 0.5 tan
2

Since the third mirror merely reflects the bheam from the
secondary mirror into the horizental direction towards its
north (defined by the 1ine joining the centre of the
tertiary mirror and the centre of the slit of the

spectograph), the angle of incidence t_ is always 45"% .

3

5.4 DETERMINATION OF THE ANGLES OF ROTATION

Since the rotation matrix R(@) involves the terms cos
22 and sin 282 it is sufficient to determine tthe acutle
angles between the planes of incidence. However, the sense
of rotation, namely, clockwise or anticlockwise, must be
determined in each case with the convention that an
anticlockwise rotation is positive when the 1light beam
common to the planes of incidence is towards the ohserver.
We will now proceed to determine the magnitudes and sign
of the angles 81 and 92.

a)The magnitude of aﬂ

The magnitude of the angle 61 is the angle made by
the plane containing the Sun (8), the primary mirror (M1).

the secondary mirror (M_,) with the plane containing the

2

primary mirror (M1) the secondary mirror (Mz) and the

zenith (Z) (also refer Figure 1I1-5.3.1). We are interested

in the angle ZMES.

Here

ZM2 = (90-h), SM, = 2 L, and 8 = (90—h°).



Thus from the cosine formula we have

cos(?O—ho) = cos(8i1) cos(F0-h) + sin(2i1) sin(20-h) cose1

and hence

sinh - cos(Zt dsin A
o 1

sin(2 i1) cos h

cos(61) =

where the altitude ofthe Sun is given by (Smart, 1979)
sin ho = sing sindéd + cos ¢ cos & cos t

Table 1I-1 shows the sign of 81 obtained from geometrical

considerations (Figure l1I1I-1.1).

b)}The magnitude of 62

To determine the magnitude of 62 consider Figure II-1.1.

It is immediately seen that tan 62 = (|Y2|)/(|Y2|). The

p €an be seen in Table II-2 The angle €, varies on

a shorter time—scale which is the function of the hour

sign of &

angle of the Sun whereas &_, varies on a longer time-scale

2
which is a function of the declination.

S
6.ESTIMATION OF INTRUMENTAL POLARISATION

In order to estimate the total effects of
instrumental polarisation of the coelostal mirrors, we
simulated the actual conditions for five declinations
-23*, -13", -3°, +7°, and +17°; for each fixed
declination, running the hour angles from -90° to +90°.
The Mueller matrices due to each reflection was calculated

assuming n = 1.13 and k = 6£.3% valid at A6300 KA. This is
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Table 1I-1

Sign convention for angle &

1

-xa

+X2

anticlock wise
( + )

tlock wise
« =)

anticlock wise
( -

clock wise
« + )

Table 11-2

Sign convention for angle &

2

+X2

clock wise
( + )

anticlock wise
( - )

clock wise
( —

anticlock wise
( + )




a good approximation according to MNMakita and Nishi (1970).
We however plan to experimentally check the wvalidity of
this approximation. The Mueller matrices and the rotation

matrices were combined to form a single Mueller matrix.

The Mueller matlrix elements 8
function of hour angle and declination for various
declinations (Figures l1l-6.1a to II-6.1h). The data for

the Stokes parameters vrepresenting the following five

are shown as a

forms was the input in our calculations: (a) wunpolarised,
(b)Y linearly polarised along the plane of incidence at the
first mirror, (c) linearly polarised orthogonal to the
plane of incidence at the first mirror, (d) right

circularly polarised, and (e) left circularly polarised.

The output Stokes parameters was determined again as
a function of hour angle for each of the five
declinations. The following quantities were delermined in
each case from the output Stokes parameters (Clarke and

Grainger, 1971):

(i) percentage polarisalion

f/ @% 4+ 0+ v

1!

(ii) azimuth of the polarisation ellipse

r = 0.5 tan~ ' wrsan

(iii) ratio of the semi~major axis to the semi-minor axis

of the polarisation ellipse, d/a = v, where

2n | v*i
2 S em——
1 1
The percentage of polarisation and 7 produced from

unpolarised light is shown in Figure 11-6.2a, while Figunre
I1-4.2b shows n corresponding to the four polarised forms of
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the input Stokes vectors.

7.IMPLICATION OF THE INSTRUMENTAL POLARISATION FOR ACTUAL
OBSERVATIONS

Let us first look at the results for the variaion of
the elements of the composite Mueller matrix. The element
344 represents the scattering of I into I and thus is a
measure of the partially polarising property of the
344 is
nearly unity thereby showing that not much partial

system. It is seen that for all declinations,

polarisation is produced. The elements a and

1z %43 214
represent the scattering of Q,U and V into 1 and are thus
a measure of the depolarisation produced. These elements
have a very small magnitude ( % 1% ).Moreover in ‘the
measurement of the Stokes profiles of Zeeman sensitive
lines, the @, U and V would in general be very small thus
reducing the contamination of I still further. The only
context where these might assume some importance 1is tlhe

bisectors of the Zeeman sensitive line profiles.

o a31 and a41 are more serious as

they represent the contamination of G, U and V signals

The elemenls a

respectively, from the I profile. However, these elementls
also remain very small (% 14 )and will pose no numerical
problem while inverting the composite Mueller matrix for

off-line compensation.

The diagonal elements 5o 8n and 344 represent the
sensitivity of the system to pick up the @G, U and V
signals . Unfortunately, oo and 85, are not very large
and consequently require some care during the matrix
inversion for off-line compensation. The element 2,2 is 2
80% and thus the V measurements will be 1less prone lo

error.

The element a5, is particularly important for the

measurement of the transverse component of the magnetic
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fields which is inclined to a small angle to the line of
sight. In this case V would be very much larger than Q and
asa would further contaminate the @ signal. Other
off-diagonal elements that are significantly 1larger than
zero are a

a and L All the coefficients describing

23" 32
the cross talk are very serious and have to be carefully

considered for a sucessful compensation.

Next let us consider the results of the percentage
polarisation produced from natural light (randomly
polarised). This is large (& 124) when the Sun is just
rising but quickly drops to about 2% at hour angles of
approximately —30* in spring and autumn. This value of
about 2% is not a great impediment for the measurement of
moderate field strengths. For weaker fields it would be
necessary to introduce some on-line compensation. For
purely polarised light it was seen that the percentage
polarisation remained at 100%Z thereby indicating that no

depolarisation was produced in the system.

However, linearly polarised 1light 1is converted to
slightly elliptically polarised light as seen from the
value of 7 plotted in ¥igure I11-7.1 (20.1). Circularly
polarised light is affected the same way whether il is
right circular or left circular polarised (Figure 11-7.2)
and thus shows that no compensation is necessary if the

system is used to feed a longitudinal magnetograph.

It is seen that the most favouable conditions for the
measurement of polarisation of sunlight using the
Kodaikanal Solar Tower Telescope are availabe between hour
angles of -60" to +60° and during the seasons of small
declinations. However, for any observing period, the
off-line compensation requires careful consideration of
the possible errors, in particular for the determinatoin

of the Stokes Q@ and U parameters.
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8. EXPERIMENTAL VERIFICATION OF THE ACCURACY OF THE
POSITIONING OF THE COELOSTAT SYSTEM AND ITS COMPARISON
WITH THE FORMUALE DERIVED IN SECTION I1I-5.3

To experimentally check our basic assumptions on the
theoretical deductions of the telescope geometry and the
existing pointing of the telescope, we made regular
measurements of the positioning of the primary coelostat
mirror throughout the year 1985. The measuremenls were
based on the existing scale on the North—-South guide rail
that is used to position the primary mirror as the Sun
moves in declination. The positioning in hour angle is
achieved by rotating the primary coelostat about its axis,
parallel to the Earth's equator. Positioning the primary
coelostat ( whose centre is the origin of the moving
toordinates}, changes the relative coordinates of the
secondary, Xz, (a function of hour angle and declination
),while Ya and Z2 are always kept fixed. Physically it is
the primary coelostat that is made to move as a function
of XE. The existing scale to read off XE is accurate
within 0.5 mm. As the positioning of the primary coelostat
was the main task, it did not matter whether the seeing
conditions were good or not, as long as & discernable
image of the Sun was placed at the image plane, with the
centre of the image positioned at the centre of the slit.
These measurements of the primary coelostat during a
particular day and fraction thereof are plotted in Figure
I1I-8.1 with the points marked by a °*+' sign. The
declinations for each point in the figure for the moment
of observation were calculated using a Chebychev
polynomial expansion, whose coefficients are given in the
Almanae for Computers, 1985. The relative position of the
primary coelostat, XE, was then reworked out using these
declinations fitted into equation 1I-5.3.4. The points so0
derived are plotted in the same figure marked by the "% *
sign. Notice that the measured and the calculated curves
are anti-symmetric with each other. To match the 1tlwo
curves and bring them to tﬁe calculated scale (theory), it

was necessary to invert the postional information in the
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data by multiplying it by a factor of —1 and then adding
to it a constant ( = 60 ). The matched curves are also
shown in the same figure marked by an ‘*x’ sign. Notice
that the curves do not match very accurately, on either
side of the maximum. To ascertain the cause of these
differences, we analytically calculated the gradient of X

2
with respect to each of Y and 2 defined by equation

I1-5.3.4 and compared thei with ths differences (not shown
here). This pointed out the possibility that the plane
defined by the rails on which the primary coelostal rests,
(the plane defined by the normal to 1the zenith ) may
possibly be slightly tilted and hence the measured values
of 22 and ¥Y_ may be slightly off {from true value. The

2
values of X_, themsevlies cannotl lead to this discrepancy as

we have ngticed that even slight departures of the
positioning of the primary coelostal on the north—south
rail will show up as significant departures and that the
light beam will not symmetrically fill the secondary

mirror ( stray points in the Figure 11-8.1 )

9. SPECTROSCOPIC PRINCIPLES
9.1 THE ZEEMAN EFFECT

Consider an atom radiating din a uniform magnetic
field of strength H Gauss. The spectral 1line wunder the
influence of the magnetic field is split into several
components. Using the simplest pattern of a normal
triplet, derived from the spectral 1line of a singlet

series, and viewing along the direction of the magnetic

field, we see two <circularly polarised ¢ -~ components
symmterically placed at a wavelength separation of Alu
aboutl the missing spectral line centre, Ao. The —Axu

component is right circularly polarised and the +A>.u
component is left circularly polarised. Viewing about a
direction perpendicular to the magnetic field, we see
three linearly polarised components — one aboult tLhe

position of ‘the undisturbed spectlral line centre

24



(M-component) whose polarisation sense is along the
direction of the magnetic +field and two symmetrically
placed ¢ - componentls separated by Al" from the spectral
line centre, whose polarisation sense is perpendicular to
the magnetic field. The Zeeman splitting, in Angstroms 1is
given by

A = (e/4m ) A g H =4.67x10" & g H —-11-9.1.1
. e o [«)

where €« is the electronic charge in e.s.u., " is the mass
of the electron and ¢ is the velocity of light. The Zeeman
splitting is determined by the Lande' g factor. Under the
assumptions of Russel-Saunders coupling (Condon and
Shortley 1935 ),

g =1+ CJ(J+1)-L(L+1)+8S(S+1)I/L2J(J+1) 1]

where L,S5 and J are the quantum numbers of the atomic

states involved in the transition.

Fraunhoffer lines are formed in the solar atmosphere
under absorption, resulting in the inverse Zeeman effect,
where the polarisation sense is reversed. This implies
that the azimuth, of the observed polarisation in the
spectral line wing is the same as that of the magnetic
field.

The Zeeman components are not fully split but merely
broaden the spectral line because the spectral 1lines are
considerably broadened due to thermal motions.However, a
wavelength dependent polarisation is present along the
line profile. It is this wavelength dependent polarisation
that is exploited in the measuregments of the Stokes
polarisation profiles to derive various properties of the

magnetised medium in the solar atmosphere.

9.2 CHOICE OF THE SPECTRAL LINES

The choice of the Zeeman sensitive spectral lines for
the measurement of the vector magnetic field , depends on

several factors. A search in the solar spectrum was made,
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to identify spectral 1lines that have the following
criteria:t

(i) spectral 1lines that can be located at longer
wavelenglhs, since the Zeeman broadening is proportional
to the square of the wavelength.

(ii) spectral lines that are not wvery far separated in
wavelength, so that they can be observed simultaneously,
given the 1limitations of the camera setting of the
specltrograph.

(iii)spectral lines that have a sufficiently large value
of the Lande® g factor so that the Zeeman splitting can be
perceptibly measured.

(iv) spectral lines that are photospheric in origin -
where the magnetic fields are very strong.

(v) spectral 1lines being preferably uncontaminated by
blends, either of solar or terrestrial origin.

(vi) spectral lines that are not sensitive to changes in
the temperature as one moves from the photosphere to the
penumbra of a sunspot or to the wumbra of a sunspotl.
Although the A 5250 A spectral 1line is widely wused in
magnetograph observations ( due to its large value of the
Lande’ g factor), it 1is rather temperatue sensitive
(Stenflo 1971).

(vii) spectral lines that are well flanked by telluric
spectral lines which are wavelength stable, thus affording
a proper wavelength calibration.

(viii) spectral lines that are largely formed under pure
absorption, where the scattering process in the spectral
line formation does not become important. (see discussion
by Stenjlo 1971)

This search resulted in choice of the spectral region
between AA 6299-6306 A which includes the spectral line
pair Fe I A &301.5 A (g = 1.5) and Fe 1 A 6302.5 A (g =
2.5). Both these spectral lines arise from the same
multiplet, t.e., from the same physical conditions of the
solar atmosphere but differing only in their values of the
Lande* g factor. It may be noted that the Fel &302.5
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spectral line gives a normal Zeeman effect pattern giving
rise to three components, whereas the Fel &301.5 line
behaves in the anomalous way. The telluric lines flanking
these spectral lines have been well calibrated for ‘their
wavelengths wusing a Fabry-Perot specltrometer (Cacecin
et ,al . 1985 ) and have been found to be wavelength stable
to an accuracy of 5 ms-1. The spectral lines used in the
wavelength calibration are AR 6297 .228, 6£302.000,
6302.762 and 6305.810 &K) Table—-111-2 of Chapter III

gives the details of the spectral region that is observed.

10 THE POLARIMETER

Ideally the polarimeter used to measure polarisation
content should be 1located just before the detector,
assuming that the signal is not distorted by the
instrumental polarisation generated by either the
telescope optics or by the grating spectrograph.
Unfortunately both of them do introduce a considerable
amount of instrumental polarisation. One cannot avoid the
coelostat system polarisation, here, by placing the
polarisation—-analysers at the entrance to the primary
coelostat as the size of the optical components involved
in the construction of the polarimeter would be too large.
The grating spectrograph also introduces a considerable
amount of instrumental polarisation (see e. 8.
Breckinridge, 1970, 1972; Hutley, 1982 ). MWe only know the
response and sensitivity of grating spectrographs to
linearly polarised light, as experimentally determined.
The theory of grating and grating spectrographs are only
in a scalar form and no vector electromagnetic theory is
so far available to understand their behaviour. Hence
efforts to understand the Mueller matrix of a grating
spectrograph will prove to be difficult. These
considerations have gone into locating the polarimeter
just ahead of the slit of the spectrograph, before tlhe
light enters into it. The polarimeter housing is about

15cms ahead of the image—-plane, the image plane coinciding

37



with the spectrograph slit. Since the focal ratio of the
objective is F/%96, (38-cm objective) it has a very large
depth—of-focus. Hence any minor defocussing due to the
polarimetric optics can be readjusted by repositiong the
imaging objective. With such a large focal—-ratio we are
well within the acceptance angle constraints posed by

polarisers as well as qualter—wave plates.

A polarimeter has been designed and constructed for
use at the existing spectrograph. Equal absorpltion through
various components of the polarimeter (J.M. Stone, 1963},
in recording all the polarisation profiles, has been a
major consideration in the design. The polarisation
analyser consists of a quartz quarter—wave plate (at X
6302 A) followed by a polaroid. The entire system is
mounted atop a 1/2-cm thick brass plate.The quarter-—-wave
plate and the polaroid can be independently turned by a
mechanical wheel arrangement about an axis perpendicular
to the directionof the incoming beam. The system is hooked
on to the slit assembly during the polarimetric
observations. A Hilger 0G-1 filter isolates the red
portion of the sunlight entering the slit. This 1is also
located ahead of the quater-wave plate, within the
polarimetric assembly. Attempts at using a narrow-band
birefringent filter, centered at A 6302 A with a band-pass
of 10 A at FWHM, specially ordered for this
purpose,failed as the filter itself developed

non—uniformities when exposed to the light beam.

It may be worthwhile mentioning that an experimental
arrangement was configured in the laboratory o measure
the actual phase—difference introduced by the A 6302 A
quarter-wave plate. A GDM 1000 double-pass monochromator,
served as the reference source at the test wavelength - X
6302 A. The standard procedure of using ‘a Babinet
compensator in conjunction with two polaroids was employed
to measure the phase difference introduced by the said

phase plate and was found be N/2 within the accuracy of
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the measurement itself.
The composite Mueller matrix of the polarimeter can
be written as :
CMI1=CP JLCLa, 3C Rr JCa, 1

2 1
where
1 1 0 0
1 1 0 0
reP1 = 0 0 0 0
0 0 0 0
is the matrix due to the polaroid
and
1 0 0 0]
0 1 0 0
I R ) = .
r 0 0 coa&r s1n6r
0 0

-5 1 c
s1n6r os&r

is the matrix due to the retarder. Here 6r is tLlhe
retardance: for a quarter—wave plate Gr-90'. Ea13 and [ax_J
are the rotation matrices required to transform from the
reference frame denoted by XOY (Figure IXI-10.1) to lhe
retarder frame (denoted by F and § ), and from 1the
retarder frame to the polaroid frame(denoted by

transmission direction T), respectively.

The Stokes profiles are recorded in six successive
combinations 1+@, 1-G, I+V, I-V, I-U and I+U (see Figure
11-10.2) with a 35-mm camera at the exit of the
spectrograph. The emulsion used far the entire
observations was the Kodak 103—-aE spectroscopic emulsion,
having an rms grain-size of 20 microns and treated for
low-intensity reciprocity failure. Unfortunately much
finer grain—size emulsions, sensitive in the red region,
were not used as they consume a longer time to reach the

optimal density level above the background fog. Even with
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Fig.II-10.1t Schematic of the analysis procedure.

train consists of a quarter wave

The
plate whose fast and

slow axes are represented by F and S and a polaroid whose

transmission direction is denoted by T.

relative orientations of F(or S)

The different
with T transmit different

combinations of the stokes parameters as depicted in the

figure,



I1+V

Figure II-10.L
Spectra of Stokes profiles recorded across sunspot KKL 18303 on May 12, 1987 at

position 5. The fiducial cross wire is also seen dispersed along with the spectrum.



the 103-aE emulsion, it takes about 3-minutes to get a
complele exposure set, covering one set of spectra for
Jjust one slit position and the entire useable observing

time with goed seeing does not last more than two hours a

day, on the average.
11.ERRORS IN THE MEASUREMENT OF THE STOKES PARAMETERS

The errors in the measurement of the Stokes
parameters come from the error in the positioning of the
transmission axis of the polaroid and, the slow or fast
axis of the quarter—wave plate.Since instrumental
polarisation 1is alsoc introduced in the polarimetric
set-up, the uncertainilty in the measured values need to be
estimated.The errors in the measurement of Stokes

parameters is given by the Mueller error matrix

6[023 6[«13
S = CP J— Sa, LR 1L a J+L P 1L a 1L R 1—S5a
2 1 z2 1
602 6«1

We have evaluated these errors various input Stokes
vectors and find that, for a positioning error of 10.5:
(the aceuracy with which each of the polaroid and the
quarter wave plate can be rotated about their centre of
axkis in the polarimetric system ), the maximum errors AQ,
AU and AV for the different orientations of the polaroid
and quarter—-wave plate do not exceed 2% of the @, U and V

signals.
12.0OBSERVATIONAL CHECKS ON THE POLARIMETRIC SYSTEM

In order to observalionally verify that the
measurements of the magnetic field strength as derived
from the Stokes V profiles were in tune with the
theoretical Zeeman splitting, a comparison was made of the
Zeeman displacement measured with the two Fel 1lines 2AX
6301.5 & (using g = 1.5 dand 6302.5 A (using g = 2.5).
Assuming that the spectral lines form +from approximately
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the same level in the solar atmosphere where the magnetic
field does nol vary, the ratio of their Zeeman splitting (
from equation II-9.1.1 ) their Zeeman splitting is given
by

AN 4.6375 x 10" H

H6302.5

= 1.5097 (theoretical)

AX 2.782 x 10 ° H

Hezo4.5

Using observations of the Stokes V profiles from an umbral
region, the splitting from the above formualae gave a
magnelic field ratio of 1.513 which is very close to the

expected value.

13.AN  ELLIPSDMETER TO MEASURE THE COMPLEX REFRACTIVE
INDICES OF THE COELOSTAT MIRRORS.

An ellipsometer was designed and constructed to
measure the complex refractive indices of aluminised
mirror surfaces . The complex refractive indices enter the
Mueller matrices and hence any changes in them ( due 1to
the ageing of aluminium), will in turn change the quality
as well as the quantity of instrumental polarisation (see

Appendix—1)

14 IMPROVEMENTS TO0 THE SEEING CONDITIONS WITHIN THE
TELESCOPE

The Tower/Tunnel telescope has an extremely long
column of optical path, from the dome to the rear of 1tlhe
spectrograph. It was felt that the thermal gradients along
the optical path would tend to degrade the image quality.
Moreover, suspended dust particles in the optical path of
the beam also tend the contribute to the scattered light.
A smooth laminar flow of air along the length of 1the
optical path of the 1light beam improves tlhe internal
seeing. (Bray aend Loughead 1964). In order to improve the
seeing as well as to remove the suspended dust particles
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within the Tower/Tunnel column, a powerful exhaust fan
located at the exit door of the ante-room behind the
grating spectrograph enclosure. Since the spectrograph
itself is sheilded by a cylindrical steel wall, it did not
affect the conditions within the spectrograph. The
ante-room itself was a bonus advantage as it buffered 1the
powerful suction of air within it, resulting in a smooth
laminar flow along the length of the optical path. Visual
inspection of the image did show a marginal improvement in
the image quality as seen from the solar grannulation
cells on the surface of the solar disc. MWithin about
half-an—hour of of the stabilisation of the laminar flow
the suspended dust particles were drastically reduced.
This has now been made a regular feature during the course

of observations.

az



CHAPTER III
DATA ANALYSIS

1. THE OBSERVATIONS

Using the polarimetric set up explained in Chapter II
the observations were carried out on sunspots KKL 18303
(NORA 48063, KKL 18312 (NDAA 4810), KKL 18313 (NOAA 4811)
and KKL 18315 (NOAA 4812), where the numbers after the
letters KKL correspond to the sunspot numbers designated
at Kodaikanal, where everday white—-light pictures of
the Sun are recorded using the 6-inch photoheliograph
(Rappu ,19267 ) and the numbers mentioned in bracketls
correspond to the same sunspols designated at the National
Oceanographic and Atmospheric Administration, Boulder,
Colarado, U.5.8 (Solar Geophysical Data -Prompt Report
No.515, Part I, July 1987). The observations were carried
out between May 12-30, 1987 on all the three sunspotl
groups. The details of Lhe observations are mentioned 1in
Table 111-1. The list of spectral lines recorded in ‘the
spectrum are shown in Table Il1I-2 (NMoore et.al. 19663
Beckers ,1960 ; Pierce and Breckinridge 1974; Beckers
et.al. ,1976).

The scheme of observations is shown in Flgure 11-10.1
of Chapter II1. For each sunspot the observalions were
carried out in the following fashion. Beginning with one
edge of the sunspot, the image was placed on the slit of
the spectrograph, corresponding to 25mm( 138 arc—seconds )
along the length of the slit. The width of the slit during
the entire course of observations was kept at 100 microns
{0.55 arc—seconds). Figure 111-1.1 shows a sketch of the
position of the slit relative to the sunspotl. The
crosswire serves as a fiducial mark to read the location
of the .spectra along the slit. Subsequently, with the
polarimeter in position, the Stokes spectra were recorded

as sixX successive frames on Kodak 103-aE emulsion. This
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TABLE ITI-%

Date of

Sunspot No. B L No. of slit

Observat. KKL. NOAA poasitions
12/05/87 | 18303 4806 & W 25%s five
14/05/87 i 18303 4806 29°W 26°s five
15/05/87 i 18303 4806 43°4W 27°s five
15/05/87 | 18312 4810 83°E 25°N -
15/05/87 i 18313 4811 85°E 28°s -
16/05/87 | 18303 4806 55° W 24°s five
16/05/87 i 18312 4810 63°E 27°s -
16/05/87 | 18313 4811 72°€ 25°N five
17/05/87 | 18303 4806 67°W 28°s three
17/05/87 i 18312 4810 53°E 22°s three
17/05/87 | 18313 4811 63°E 31°N seven
18/05/87 | 18303 4806 {At limbiAt limb ~—
18/05/87 | 18312 4810 38°E 22°s -
18/05/87 | 18313 4811 45°E 31°N -
19/05/87 i 18312 4810 -= - -
19/05/87 | 18313 4811 - - -
20/05/87 | 18312 4810 —_— —— nine
20/05/87 | 18313 4811 18°E 32°N six
22/05/87 | 18313 4811 7°W 32°N —_—
23/05/87 | 18313 4811 21°W 32°N twelve




24/05/87
25/05/87
24/05/87
27/05/87
27/05/87
28705787
29/05/87

30/05/87

18313

18313

18313

18313

18313

18315

18315

18315

4811

4811

4811

4811

4812

4812

4812

4812

T il e Ll

30°W
49°W
58° W
70° W
18°E
10°E
5°W

18° W

. e o Ot et ot e e e e e S St

ten
eight
five
three
four
six

three
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was repeated for various such positions of the sunspot
across the slit. ¥iure 111-1.1 shows the sketch of Lhe
Sunspol KKL 18303 on May 12,1987 for various positions of
the slit. A set of sample spectra corresponding to postion
S5 of this Flgure is depicted in Figure 11-10.2.

Experiments by Breckinridge (1970, 1972) on
polarisation introduced by spectrograph slits have shown
that the optimal sizes of the slits, for polarimetry,must
necessarily be greater than about 100 times the
wavelength, in order to avoid any additional polarisation
introduced by the slit.

The emulsion records the spectrum as fluctuations in
density. Use of the photographic characteristic curve
must be made to convert these density fluctuations into
intensity fluctuations. For every sel of observations of a
sunspot group, the calibration spectrum was recorded
before and after the observations of that sunspol group on
the same emulsion. This was done by wusing a standard
Hilger density step-wedge that has six steps, of known
percentage transmissions of light through each step (Jable
I11I-3 ). Each step delinates about 1.3mm along the length
of the slit. The centre of the solar disc, slightly
defocussed and activity free, served as the <calibration
light source . Since only six steps are available, we can
effectively increase the number of steps, and hence the
known transmittivities through these steps, by using
various exposure times. Using a confusion free continuum
in the A 6300 A region, the transmitted intensities across
the density steps were recorded for wvarious known tlime
intervals corresponding to known exposures;

Exposure = Intensity x time,
intensity of the source being constant. The emulsions
were developed in the standard Kodak D—-19 developer for 4
minutes at 20° Celsius and fixed in the standard Kodak

photographic fixer,
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POSITION OF CROSS WIRE

Il

- §

Fig.III-1,1

654321

Sketch of the sunspot KKL 18303 with
the positions of the slits (1-6) marked.
Short bars at the top indicate the
positions of the crosswire. North is
top and east is to the left. Scale: 5.5

arcsec/mm.



TABLE III-3

Step Mo. % of transmission

63.24
40.93
26.00
16.41
10.21
&.397

oA W




2 CONVERSION OF PHOTOGRAPHIC DENSITIES INTO DIGITAL
DENSITIES

The density variations across the photographic
spectra were digitised using the Photometric Data System
1010M Microdensitometer. Before digitising, the background
fog-densitiy was set to zero. The fiducial mark (cross
wire) along the dispersion direction was then used to
align the spectra. The spectra were digitised with a
sampling resolution of 10 microns in the spectral
direction, corresponding to a spectral resolution of 0.13
A mm‘1 and 200 microns in the spatial direction (along the
length of the slit), corresponding to an angular size of
1.1 arc—second on the Sun. Each of the six frames aof the
Stokes spectra for any single position of the slit are
thus digitised in two dimensions, wusing the raster
scanning. The spectral direction covers the wavelengtlh
range from 62994 to &306&A having 4800 points. The spatial
direction covers between 50 - 110 points, depending on the
spatial extent of the particular sunspot observed on a
particular day. For the observations mentioned in Table
II1I-1 , there were a total of 700 frames, including the
observations of the sunspot—-free regions located at the
solar disc centre and the <calibrations of the density
steps corresponding to known transmission functions for
each density step. The time <consumed for the entire
conversion of the photographic densities to the digital
form was three complete months and the data exists on 18
magnetic tapes(1600 BPI, 2400 feetl).

The spectra have been digitised , in the dispersion
direction at 410-micron invervals, finer than the
photographic r.m.s grain size (20 microns) to include the
grain noise of the emulsion. The grain noise can tlhen be
Fourier filtered by chopping all high frequency noise
above the grain noise to improve the signal-to noise of
the spectrum. By this way the problem of limitation of tlhe

grain-noise of the emulsion can be overcome. This 1is
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because, if one were to have a larger pixel size for the
digitisation then the grain noise would of course be
averaged, but there is a loss in spectral resolution.In
the spatial direction, the limitation of 1.1 arc—-second is
imposed by the seeing (atmospheric turbulence and
scintillation) conditions. On no day, during the course of
ohservaltions was the seeing 1less than 1 arc—-second as
determined by a visual inspection of the solar granulation
pattern about the disc of the Sun. The granulation have

sizes ranging from 0.5 to 2 arc—seconds.

3 REDUCTION OF THE DATA USING THE VAX 11/780 COMPUTER
FACILITY AND THE RESPECT PACKAGE

The next phase of reductions involves the use of the
VAX 11/780 computer at the Vainu Bappu Observatory,
Kavalur. The VAX 11/780 computer in conjunction with 1the
Tektronix 4115B work station and 1its «color copier were

very helpful in the reductions, For reducltion of tlhe

spectra through various stages, the spectroscopic
reduction package RESPECT (Prabhu, Anupama and Giridhar
1987) was used. The spectral reductions involve the

following stages. ( All commands mentioned in capital
letters refer to the commands of the RESPECT package.)

3.1 THE CALIBRATION FOR CONVERTING THE DATA FROM DENSITIES
TO INTENSITIES

The spectra need to be converted from the digital
densities to digital intensities. In order to do so we
need the photographic characteristic curve (see Section
111-1). The density recording of the calibration step
wedge, for each day of observation was wused for this
purpose (see Jadle 111-3 ) This is represented in Figune
I11-3.1.1. Using the RESPECT package programs, the
calibration steps shown in Flgure I1I-3.1.1 are
interactively identified on the Tektlronix monitor and are

all scaled to actual exposure times of the spectral
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observatlions. Using their known relative intensities
corresponding to the measured densities, the
characteristic curve of logarithmic intensity wversus the
Baker densilties (de Vaucouleurs,19468) is constructed. Such
a curve for a particular days observation 1is shown in
Figure 111-3.1.2., a third order polynomial fit the
densily sleps, whose coefficients are used to convert the

observed densities of the spectrum to the intensities.

The standard deviation of each of the observed
density steps is then used to construct the
signal—to-noise curves of the observed intensities wusing
the characteristic curve and one such curve is depicted in
Flgure 111-3.1.3. The signal—-to-noise of the emulsion is
maximum at a log intensily values of about 1.5
corresponding to densities around 0.5 above the backjground

fog, which is typical of the emulsion used.
3.2 REDUCTION OF THE OBSERVED SPECTRUM

3.2.1 ¢ Each spectrum containing 4800 pixels is first
converted to a VAX compatable format by use of a command
REFORM. A sample raw spectrum is shown in Figure
II1I1-3.2.1.

11I-3.2.2: Next the data is smoothed with the help of the

following operations.

a)Conversion to modified densities.

Since the photographic grain noise increases linearly with
density, it is wise .to bring the grain noise to a constant
level at all densities as this will help in a more
accurate removal of the grain noise. Such a
transformation, for converting the densities to a state
where the noise is constant, labelled as modified
densities (Anupama, 1987 ; Lindgren, 1975 ) is given by

D1.Aln (a + bD) + B
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where D is the densily, A and B a&are arbitrary constants
that are used to bring the magnitude of D.1 same as that of

D. Here, the noise on the density domain is

oD = a+ bbD

and is actually the standard deviation in density. 0D is
derived from the calibration step—wedge densities, and has
been explained before. The RESPECT command MDENS converts
the data from ordinary densities to modified densities,
given the coefficents of the linear fit Dbetween density
and its standard deviation, obtained from the calibration

curves.

b)Fourier smoothing of the data
Consider the density spectrum D(x), where x 1is the
pixel position of the recorded spectrum. Its Fourier

transform is given by

o LRI X
D(v») a & D(x) e dx
-0

Then the power spectrum given by
*
P) = D} D)

gives the information on the power present in various

frequencies.

A sample power spectrum of the data shown in Fipune
1I11-3.2.1 is shown in Flpure I111-3.2.2. With the kind of
spectrum recorded here, the signal is concentrated at the
low frequencies Since no information can be present at
resolutions finer than the grain—-size, only noise power
dominates at high fregquencies. Hence a low—pass filter was
used to remove the noise at higher frequencies. The
cut—-off frequency is also marked in Figure I1I11-3.2.2.
After much experimentation, it was decided to use a

1 .
cut-off frequency of 10 cycles mm corresponding to
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15 mA . The low-pass filter has a strength of 1.0
the cut—-off frequncy and 0.0 at all

upto
higher frequencies.
BSMOOTH converts the data to the Fourier damain, filters

the data using the given cut-off frequency, and
the data back to the modified densities.

converts

c) A command MDENS/INV converts the data back to ordinary
densities from modified densities.The data after smoothing

is represented in Figure 111-3.2.3

The response of the grating spectrograph to input
linearly polarised light, perpendicular to the slit (I+G)
and along the length of the slit (I-Q) is shown in Figune
II1-3.2.4. Notice that the spectrograph is more efficient
to linearly polarised light along the slit rather than
orthogonal te it, in confirmity with the results of
Breckinridge (1972).

3.2.3 Automatic identification of the telluric 1lines in

the spectrum for wavelenghlt calibration.

The DIPS routine identifies all the absorption lines
within the spectrum against their pixel numbers. The
identification is done after fitting a Gaussian profile
through each one of them and noting their centroid pixel
numbers. From an input line 1list containing the four
telluric oxygen spectral line wavelengths A6299.228 A,
A6302.000 A, X 6302.764 A and A 4305.810 A the routine
automatically identifies the <centroid pixel numbers of
corresponding telluric lines in the spectrum of interest.
This is done based on the following input information:
a) window-width within which the search should be done
(corresponding to 2mm in the given spectrum), b) ‘the
approximate wavelength of the first pixel of the speclrum
(6299 A), c¢) the approximate dispersion of the spectrum
(0.15 A mm_1), d)the criterion to identify only the true
telluric spectral lines and reject sharp discontinuities

(due to either scratches or dust on the emulsion ). For
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the spectra under consideration, the criterion value was
always less than 1.6mm corresponding to the largest width
of the specral line as recorded on the emulsion. e) the
criterion to retain all coincidence pixels corresponding

to the four telluric lines and weed out the rest.

All input information except (e} were manually
determined by examining the spectrum, on the Tektronix
Graphics Monitor, by trial and error, in several

situations of bolh magnetically sensitive and insenstive

regions, as the 1last tlwe telluric spectral lines
(A6302.764 A and A6305.810 A) are each partially blended
by their respective neighbouring spectral lines
originating from the solar atmosphere. The blending

increases in the presence of very strong magnetic fields.
The four telluric 1lines were chosen as wavelength
talibrators because of their high—-stability in velocity
not exceeding 5 m 5_1(Caccin et .al., 1978). DIPS measures
the actual dispersion against the centroid pixel numbers

of the four telluric lines with an accuracy of 0.002 A.

Since the spectrum will be curved along the length of
the slit, inspite of the advantage of a large focal length
of the Littrow spectrograph and since some turbulence
effects within the spectrograph can also possibly change
the dispersion, each individual spectrum corresponding tlo
a physical point on the solar atmosphere (1.1 arc—second)
was processed separaltely using all these programs, 1o

measure their dispersions accurately.

3.2.4 The measured centroid pixels corresponding to the
four oxygen lines are then subjected to a polynomial
fitting of order two. The straight 1line fit is rather

adequate.
3.2.5¢ Using these polynomial coefficients and the

smoothed spectrum resulting from section III-2.3.3., the

wavelengths against each pixel of the spectrum is
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identified by WSCALE to bring the spectrum to the proper
wavelength scale. The spectrum is interpolated to
every mA by a cubic—spline interpolation. As the
wavelength of the telluric oxygen lines are accurate uptlo
1 mA, and each pixel corresponds to 1.5 mi , the
interpolation 1is carried out with the next smallest

integer mA.

3.2.6% Since WSCALE generates a large amount of data
points, which are essentially oversampled as far as the
limitations of the specltrograph is concerned, the data is
brought back to the eoriginal resolution of 15 mA per pixel

by a running average aboul every 10 pixels.

3.2.7% Conversion of densities into intensities.

Using the polynomial coefficients of the calibration curve
representing Baker—-transformed density versus the
logarithmic intensities for each sunspot group, the
wavelength calibrated spectrum of Baker densities is

converted to logarithmic intensities.

Sample respresentation of the spectra (I+Q), (I-@),
(I+V), (I-V), (I+U) and (I-U) are shown in Figures
I11-3.2.7a to 111-3.2.7f. Each of these spectra have been
measured across the sunspot KKL 18303 on May 12,1987. The
numbers indicated in the right hand side of the figures
represent the pixel numbers measured from the fiducial
mark on the spectrum, where each pixel is 200 microns
(% 1.1 arcseconds). This gives the spatial information of
the Stokes profiles as one moves from the penumbra of the
sunspot towards the umbra. Notice 1the increase in tlhe
depth of the Ti I spectral line A6303.76 &, as one moves
from the penumbra towards the umbra, indicating stronger
magnetic fields. Also, the spectral line of interest, 1lhe
Fel A4302.5 A line, broadens due to an increase in the
magnetic field strength, and hence the blending of it,
with the 1terrestrial O spectral line AL302.76 A,

2
increases.
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3.2.8 Line-to-continuum ratios

An examination of the specral continuum in Fipureo
111-3.2.7a to 111-3.2.7f shows that the response of the
grating spectrograph is non—uniform as a function of
wavelength. To overcome this problem it 1is mnecessary to
determine the line-to—-continuum ratio in the spectra
shown in the above figures. Attempls were first made to
fit a local continuum to the spectrum. The continuum bins
were chosen from the liege Atlas, (Deldbouille
et.al. 1973). Two types of continuum fitting were tried,
a polynomial fitting as well & cubic spline fitting. Both
the methods proved futile, as the ultimate test, of having
a zero polarisation in the continuum of the Stokes @, U
and V when algebraic operations were performed on the I+Q,
I-@, I+v, I-V, I+U, I-U profiles, failed.

In order to overcome this problem, the solar speclrum
between AN &279~6306 A, obtained from the Liege Atlas was
digitised and the continuum therein was taken as the true
continuum, The digitised portion of the Atlas is
reproduced in ¥Fipuse 1I1I-3.2.8. Using continuum wavelength
bins derived from this atlas, the ratio of the <continuum
intensity of the Atlas to the observed spectrum, in these
bins was first derived. A cubic spline curve was fitted
through these ratio points and the resultling curve was
multiplied with the observed spectra to derive the line to
continuum ratio's. Hence all the spectra reported here
have their line-to-continuum ratios normalised to tlhe

Atlas spectrum.

3.2.9: Using the derived line—to-continuum the Stokes I1+QG,
I1-Q, I+V, 1-V, 1+U, 1-U spectra were added or subtracted
to obtain the Stokes I, @, U and V spectra. We are
interested more in the polarised spectra, G, U and V as
the I spectrum is contaminated by both stray light as well
as light from non-magnetic regions, sample profiles of the
Stokes G, U and V spectra for one position of the slit on
the sunspot KKL 18303 observed on May 12,1987, one
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position of the slit are displayed in Flogures I11-3.2.%a,

I11-3.2.9b and I11-3.2.9c, respectively.

4. CORRECTION FOR INSTRUMENTAL POLARISATION OF THE
TELESCOPE

It is now necessary 1o correct the observed the

polarisation profiles for the instrumental polarisation.

The computer code based on the formalism derived in
Chapter II was wused 1o derive the inverted Mueller
matrices for every set of observations, I+Q, I-Q, I+V,
I-v, I+U, 1I-U. It may be recalled that the Mueller
matrices depend on the jeometry of the telescope and the
ctoordinates of the Sun. Since every set of observalions
just took two minutes to complete, the time of
obhservations used to derive the coordinates of the Sun was
the average of the time between the begining and tthe end
of the observations. The coordinates of the Sun, for every
set of observations, was derived from the Almanac for
Computers, 1987 using a Chebychev polynomial fitting based
on the coefficients given therein. The Mueller malrix is
then inverted and the observed I, @, U and V spectra are
then subjected to this inverted Mueller matrix to obtlain
the true I, @, U and V profiles. Fiures I111-3.2.%a,
11-3.2.9b and I11-3.2.9c (dot-dashed lines) shows the
corrected Q, U and V profiles respectively. In comparing
the two curves in Figure 111-3.2.9b, for 1lhe Stokes U
profile, one notices that there is a spurious @ like
component in U before correction. Obtaining the true I, G,
U and V profiles also introduces .an artificial bias in
each of the I, G, U and V profiles. This biasing is most
markedly seen in the Q profile (Fipure I111-3.2.9a ). Using
the Tektronix 4115E color graphics monitor and the RESPECT
command EXAMINE, each of these profiles have been
individually corrected. Although we noticed that this
biasing changes with the incident intemsity, we have notl
yet attempted to quantify il. The biasing has been

corrected for by shifting the pasition of the continuum
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where the G, U and V polarisations are expected 1to be
zero. Sample spectra of the true G, U and V profiles
individually corrected for the biasing are shown in
Filgures 111-3.2.10a, I111-3.2.10b, II11-3.2.10c. These
profiles are from the recordings of the same sunspolt KKL
18303, on May 12,1787, at position 3. The legend at the
bottom of the figure should be read as! sunspot number
(1 = 18303), day of observation (A = May 12, 1987),
position number (TH), Stokes profile (Q) and reference
point from fiducial mark (28 etec. ) and the spectral line
(TWOD = A6302.5 A line)d.

One may also notice in these figures, that the Q, U
and V amplitudes in the red wing of the 1line drastically
increases with the increase in magnetic field strengtlh.
The reason may be partially attributed to the blending of
the telluric line A&6302.76 A with the red wing of the
AL302.5 & line, but we feel that blending itself may be
only a minor cause, the major cause being at the source
itself.
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CHAPTER 1V
INVERSION OF STOKES PROFILES

1. THE EGQUATIONS OF RADIATIVE TRANSFER

Under the assumptions of (a) the solar atmosphere,
where the spectral line is formed, is in a stationary
state and its physical properties depend only on the
geometlric depth, (b) the continuum is formed under local
thermodynamic equilibrium (LTE) and is unpolarised,(c) the
atomic levels involved in the 1transition do not show
atomic polarisation, the egquations of polarised radiative
transfer in the presence of magnetic fields, where the

spectral lines are broadened due to the Zeeman effect,

Har = no( I-BT) +n1 ( 1I-S )+ne G +'nU U +nVV

p-—d——=nQ( I—S)+(n°+-n1) G+pvu-—puv

H ar nu( I-8 ) - va + (n°+n1) U + Pa %

T
I

ny { I-5 ) + PuU G - pG Q + (nb+n1) v

where 4 is the cosine of the viewing angle between the
line of sight and the normal to the solar surface at tlhe
point of observation . BT is the local Planck function at
a temperature T, S is the source function calculated in
terms of LTE departure coefficients and I,GQ,U,V are the
local Stokes parameters (Landi Degl'®Innocenti and Landi
Degl' Innocenti, 1972; Landi Degl'’Innocenti 1976). The
elements of the Mueller matrix,following their papers, are

given by
. 2 ) 2 )
"1 - 0.5(7;P sin » + 0.5 ( L% + nr) (1 + cos ¥)

Z2
- — 1 )
WG O.S(np 0.5('nb + nr) ysin ¥ cos(2 {
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., 2 .
nU - O.S(np - 0.5¢( ny + nr) )siny sin(Z2 { )
nv = 0.5¢ nr - nb) cos »
and

0.5 (pP - 0.5¢( Py +4|:>r ) )sinzr cos(2 { )

L]
o
]

0.5 (pp - 0.5¢ pb + pr) )sinzr sin(2 { )

L]
<
]

i)
<
X

0.5 ( pr - pb) cos »

————1Y=-1.3
where,
(2) (2)

Y)p"ﬂo EM SM Ha, v-vy )

(1) (1)
- . o ————IV-1.4
"y n EM S“ H(a v-v )

(3) (3)
n>=n, EM SM Hia, v-v )

and

8;2)2 F(a, v—o(Z) )

pp-‘noi M

M

1) 1)
Py =M, ZM SM 2 Fle, v )

(3) (33
pr - 'ﬂo EM SM 2 Fla, Q—VM )

Here, n, is the ratio of the optical depth at the line
tentre wavelength (xo),and the same quantity at the
reference wavelength (A). » is the inclination of the
magnetic field vector to the line of sight and { is Llhe

azimuth of the magnetic field vector.
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a +1

Hla,v) = —— & exp (=23 /((o=-y1%+ a® ddy —eme- IV-1.6
no-

and
1 2 2 2

Fla,v) @ —— f (u=y)} exp (= )/ ((v=y) "+ a  )dy —-——=IV-1.7
Zn -n

are the Voigt and Faraday—-Voigt function respectively, and

a is the damping constant of the spectral line.

The gquantities S;‘) and uéi) are respectively the
strengths of the Zeeman split components, and are

functions of the L, S, J gquantum numbers of the atomic
levels involved in the transition (see Table I of Landl
Dexl’® Innocentt, 19750 . The splitting of the Zeeman
components given by,

-13 . 2 iMoo
vy = 1.6686 x 107 T AT H ((G -G')M =G (2~))I/AN

where Xo is expressed in Angstroms, H in Gauss. G and G°'
are the Lande' g factors of the lower and upper levels of
the atomic transition in guestion given by the expression
(White, 1934)

G= 1 + CJ(J+H1) = L(L+1) + S(5+1) /L2 J(J+1)1

The superscripts (i=1,2,3) in any of lhe above expressions
refers to any of the Zeeman split components and M refers

to the magnetic gquantum number.

v = (A --ko)/Akn is the distance from the line centlre in

Doppler broadening (Akn) units and is given by

X, WAL (ZRT/M, )

p.\ reppe————— IV-1.10
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here f .k, T,c Ma refer to the microturbulent
velocity,Boltzmann constant, temperature, velocity of

light and mass of atom under consideration, respectively.

2.ANALYTICAL SOLUTIONS OF THE POLARISED RADIATIVE TRANSFER
EQUATIONS

The analytical solutions of the polarised radiative
transfer equations in terms of the Stokes parameters have
been derived by Landolfi and Landi Degl®Innocenti (1982).
Consider the spectral 1line being formed in a plane
parallel atmosphere. Let the line of sight axis (&), be at
an angle cos—1y to the outward normal. Let T be the
continuum optical depth defined by

a7 /= " ® mm——— Iv-2.1

wheraea " is the continuous extinction coefficient at the
reference wavelength. Under the assumpltion of the
Milne~-Eddington atmosphere, the source funclion wvaries
linearly with optical depth v ,

B(T = B_+B, T,  ———— Iv-2.2
e 1

0
and the opacity ratio L the line dampinga and Doppler
width Axn are constants. Assuming that the magnetic
vector and the line of sight velocity are constants then

the n's and p's in Equation IV-1.2 are also constant.

The analytical solutions read as,

-1 2 z2 2 + 2 373
I = BO + p 81 A E(1+nl ) {(1*n1) +eq tey Py

Q= —u 35' A_1 E(‘H'nI)E na + (‘le) ('nv ey -ny PV) +pGR J

Us u B, o] <1+ql)2

1 + (1-0'01) (-ne ey Ny pG) + pUR ]

Ny

-1 2
V=B, A CC14n )" m, + eq R 3
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where,

_ 2 2 2 2 2 2 2 2 2
A = (1+'n1) E(‘H’nl)-—na-nu nv+pa+pu+pv J-R
————— IV—2.4
and,
R= mgegtaypytu,p,) e wv-2.5

It may be noted that for a normal Zeeman triplet (e.g..
the Fe I X 4302 5 X line) the absorption profiles (n's)

and the anomalous dispersion profiles (p's) are given by

n = no H(a,v)

p

pp = 2 n, Fetp . v-2.5

nb"r_ = no H(al v_‘t‘)H)

Pp,y =2, Fla, viv )
here

-13 2

v = (4.66856 «x 10 bN Hysed e v-2.6
H o D

is the Zeeman splitting due to magnetic field H (normal
Zeeman effect).

3. THE INVERSION SCHEME

The non—linear least square fitting technigue - The
Marquardt Algorithm.

From the observed data one needs to derive the
vector magnetic field and other physical parameters. This
can be done by (a) synthesising the spectrum (e.g.,
Wittmann 1974) and then comparing the observed and
synthesised profiles. (b) use of G~-U diagrams to obtain
the magneto-optical effects in comparison with theory and
neglecting the magneto—optical effects. To determine the
magnetic field strength and inclination and other physical
parametlers using the Unno theory. (Kawakami 1783) .
(c) Skumanich and Lites (1987) have used the non-linear
least square fitting technique to recover the vector
magnetic field parameters and other physical quantities.
using the analytical solution of the Stokes G, U and V
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profiles.

The non—linear leaslt square method of Marquardt
attempls to optimally fit the @, U and V profiles based on
the assumptions used to derive lhe analytical solutions of
these profiles.

A set of eight parameters, aj (i=1,n), are used to
compare all 1the three Stokes profiles Q, U and V,

simultaneously. The parametlers are

i. the magnetic field strength — H

ii. inclination of the magnetic field vector - »
iii azimuth of the magnetic field vectlor

iv. opacity ratio - no

V. damping constanlt - a

vi. line centre wavelength - ko

vii. Doppler width - Axn
viii. cosine of the heliocentric angle times the slope of

the source funcltion— u B1.

We use the spectral line Fe I A 6302.5 & for the
non-linear least square method. This line has a Lande® g
factor of 2.5 (Beckers 1246%).

The problem under consideration 1is that of
minimising a sum of the squares of several non-linear

functions ri(a) of many variables Q)

y(a) =

cri<3)32 ————— Iv-3. 1
i

1

nMs

-
where a

il

(a1,a2,....an)T, where m 2 n. where ri(é) is the
residual difference between the observed and the predicted
gquantities. The Levenberg—Marquardt Scheme (Levenberg
1944 ; Marqguardt 1963; Fletcher 1971) is as follows:

If the m x n Jacobian matrix J is defined as
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Jij = Ori/Oaj ~~~~~ i1v-3.2

then for every step of iteration, one can write

-é(l-e:+1)= -;(k) + z(k)

where 3is the solution of a:the set of linear equations

(A + Xc 1) 2 =-32 ————IV-3. 4
where A = JTJ and ¥= JT7 are evaluated at E(k), xc is an

adjustable parameter used to control the iteration.

On any one iteration, A and » are fixed so that 2
may be considered a step function, Z(XC) of xc. Then as
A—> w0, S(xc) —_ >—vﬁkc which is an incremental step along
the direction of the steepest descent of y(3). as kc——> 0
then S(XC)——> -A ¥ which is the correction predicted by
the Gauss-Newlton or the generalised least squares method.
Steepest descent methods converge surely, but slowly,
whereas the Gauss—Newlton methods rapidly converge but the

convergence is net reliable.

In the Marquardt scheme, as described in Bevington
{ 1969 ), the parameter xcis arbitrarily fixed at a wvalue
of 10_3 at the beginning of the first iteration and then
multiplied or divided by constant value of 10 depending
upon the minimisation of the sum of residuals (or 1the
chi~square test). If the residual is less than =zero then
increase xcby a factor of 10 and 1if greater than zer;
decrease xc by a factor of 10. In Bevington's scheme, x
is evaluated twice per iteration, once before the

incremental of aj and once after it.

The disadvantage is that one cannol choose the step
length of the increments, as defined by 1its farness or
nearness to the solution. Moreover it tlakes a longer

computer time to evaluate the Jacobian twice per

&1



iteration.

In the Fletcher's scheme of the Modified Marguardtl
algorithm, X is evalualed by comparing y = y( 3Sk)) and

.y € J
y' = y<3;k’+ 3(k)). Then Xcis predicted from the

following:

If 4(3) represents the prediclted sum of squares, then the
predicted reduction is given by

& <3jk’) - @ ('é;k’+ 2) = 2T pk) _ 2T k2 _tu-3.5

The strategy adopted for choosing Xc ist if the ratio of
the actual reduction to the predicted reduction 1is close
to 1 then decrease xc, and if the ratio is mnear or less

than 0 then increase Xc. For intermediate values, keep Xc
fixed.

3.1.SIMULTANEQUS FITTING OF THE STOKES G, U AND V PROFILES

For the simultaneous fitting of the three Glokes
profiles @, U and V, we have used the function
2(3,) 2 2

r. = {(Q S) +(V

2
i Fit—eobs) +(Ufit—uob % ) Iv-3.6

fit “obs
where the suffix ‘obs' corresponds to the obsaerved dala
points and "fil' corresponds to the fitted data point

using the analytical solution of Q,U and V.

3.2.CALCULATION OF STOKES @, U AND V PROFILES AND THEIR
DERIVATIVES.

a) The Profiles

The calculation of the Stokes profiles from the
analytical solutions requires test values of the 8
parameters. Using them the profiles are evaluated from the
Voigt and Faraday-Voigt functions, H(a,v) and F(a,v),using
fast algorithms given by Matta and Reichel (1971). The
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ctodes for evaluating these functions has been well tested

by Nagendra and Periah (1985) and have been adopted from
them.

b) The Derivatives

The derivatives of the Stokes Q, U and V profiles enter
the <calculations via the Jacobian and need to be
evaluated.

(i) Derivatives of G, U and V with respect to azimuth, (
and inclination, ».The derivatives of @, U and V profiles
with respect to both these quantities will mean obtaining
the derivatives of Nyr Ngr My and n,. Since these
functions are mere sine or cosine functions of { and o,
they are easily evaluated.

(ii) Derivatives of @, U and V with respect to damping, a,
Doppler width, AXD, magnetic field strength, H, and
velocity function (A - xo).

The derivatives of @, U and V with respect to these
functions depend on the derivatives of the Voigt and
Faraday-Voigt functions with respect to damping and
velocity. Following Nagendra and Periah (1985),

K(a,v) = 2 H(a,Vv)

and hence from MNeinsel ( 1978 ),

HY = 2(K.a ~H v}
H%® = BH.a + K v - (1// M 1
KY = - 2fH.a + K v — (1// M) 1
K2 = Y
where obvious symbols within brackets are left out

(e.8. H(a,v)™ H etec., ). The superscript *v*' and ‘'a' refer
to the derivatives of functions H and K with respect tlo

each one of them.
(iii) Derivatives with respect to a B1

Since the source function enters the Stokes QG,U and V

profiles, it represents a simple scaling factor, and hence
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the derivatives of @, U anv V with respect to uB1 are the
same as Q, U and V, bul the scaling is now unity.

3.3 TEST ON THE NON-LINEAR LEAST SQUARE FITTING
ALGORITHMS

We generated the synthetic Stokes profiles from the
analytical solutions defined by eguation 1IV-2.3, for
various test cases.

3.3.1 Bevington®s scheme

We attempted to <check the algoarithm by using

Bevington's scheme. Fregquenlt encountering of numerical
overflow ( >1034) or underflow ({10_34) with the VAX
11/780 computer problems hampered the task. Since the

increase or the decrease in step~lengths were fixed, it

took a longer time to converge.

3.3.2 Fletcher's scheme.

Since Bevington's scheme imposed a large number of
numerical problems, the next attempt was at using
Fletcher*s Scheme. In this case, it did improve the speed
of computations, with little or no improvements on tUhe

convergence.

3.3.3 Modifications of Bevington's scheme to include the
tunability of Xc as the solution approaches the minimum.
The experience gained in these tests helped to modify the

Bevington scheme as follows:

For the synthetically generated profiles the wvalues
of xz minimised with 20 iterations (takes about 15 minutes
of CPU time on the VAX 11/780 computer ). In order to help
in the convergence we started with Xc equal to 15. At
every stage of improved xa. as xz became smaller,the value
of xc was chosen to be smaller, so that when xa attained a
value of about 10-10’ Xc was as small as 1.2. This was
because we prefered to have a sure convergence, albeit a

rather slow one.
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3.3.4.Test runs on the modified scheme are shown in 7Table
IV—-1., After 20 iterations all the parameters have been
recovered perfectly well when compared with the inputs to

the synthetic profiles, showing that the algorithm works
well,

3.3.5.However one must be very cautious in the use of
Marquardt algorithm to simultaneously fit the Stokes Q,U
and V profiles. In no case of real data, did the value of
xE go less than 10—4 y indicating that in real data the
situation is more complicated. Moreover, a complele model
atmosphere for the profiles were generally not used,
resulting in xz values as large as 10“4 compared to ‘test
cases on synthetic profiles which were as small as 10_14.
The average value of xz at the beginning of the first
iteration was between 2-1 and decreased to values between
10*3 to 10_7. In line of this, the values of XC at the
initial iteration was kept at 20 and decreased

successively as xa kept decreasing in units of 3.

4.TEST RUNS ON REAL DATA

The Stokes Q,U and V profiles, after correction
correction for all instrumental errors were subjected 1o
the Marquardt algorithm. The data base for tlhis purpose
was four positions out of six shown in Figure III-1.1 for
the sunspot 18303 on May 12, 1987.

5.RESULTS OF NON-LINEAR LEAST SQUARE FITTING ALGORITHM

We applied the above mentioned modified scheme of the
Marquardt algorithm to the sunspot KKL 18303 for positions
2,3,4 and 5 (see Figure I1I-1.1 }. Of the eight
parameters recovered from the fit, tlhe least values
recovered were that of line centre wavelength,the magnetic

field strength, inclination and azimuth.

Sample plots of the observed and fitted Q,U and V
profiles for position 3 are shown in Fipures Iv-5.1a,

&5



B e Sashaudaninalalenbunds ¥

----- ‘-J-llll"l-ll‘l Lamadasudaned lI.llﬁll{itl']i‘ill‘g-‘llg‘*'
ozZL| o0& 0052 0O g 00" v 0E" L &E0"0 96 20E7

gLt} oE"® oL} 0"&2 00& 1 02 0o0"2 QE"O 0L0"0 0G"20E7 |69 s
0zZL} 0°6 0082 o g 00" ¥ 0E" L GEO"O 96" 20E9?
0ZL| 0§ 0062 o e 00 halh 4 oE" Ik GEO™O 96" 20E?

cg"| oz gt geEL| 2721 Lsal £ e gL E 0E"O 0900 96" 20E9 |71 14
ozL} 0°% 0062 o E 00"V QE" b ce0"0 96" 20E?
06 0°5 0062 o~g 00" v og" gE0" 0 95" 2089

L) ¥&T9 o=t 0"GZ2 005t 0L 00"2 0£"0 0400 06 "20E9 |02 €
06 0°g 0082 O°E 00"t OE" L CE0"O 95" 2089
cL 0"G 00&2 o°E 00" Vv 0E" L GEO0"0 96" 20E9

L6 | 836 0z 0 G2 006G} 0" L 002 0£"0 0400 06 20E9 |02 2
174 0°g 0052 0"t 00"t oc* g0t 0 9G*Z0E?
(o] 0 g 00&2 0 E 00" v 0Ttk G800 9c*20E9

26" | 8-361 0z 0"g2 00G1L 0" L 002 £0°0 0070 062089 |02 2
0% 0"s 0062 0O°E 00" Y oE"1L GEO"O 95" 20E9

% ’? 3 A | prers %% |-1suoa |y ur x| ¥ ur °x N

3 wrzy | r1our m:mmz vm.l -dueq |4a1ddoQ autl|all +%




w10 fo s3un ur ¥
"SSNPO Ul PRINSDIW P11 2178ufDy
Wepxo 1Pyl Ul  Klealiosdsex  senipa (JIM3IA0DIY PUR TYIAL ' IrRAL

o1 sSpuodsesxxzo2 (ON"1) 1887 YIpe® JoSuIRSD S2IIIUS 8BJY? IY] $ :JION
0GLL Y} 0°09 0062 [ 2l N 00"t oE" 1L GEO"O 96" 2089

4L E¥TO (0] 0°G2 005} 0o~ L 002 0E"0O 04070 0G"20E9 |61 °4
0L 009 0052 0 e 00t OE" 1L GEO"O 9G"Z0E9
QEY | 0°02 00&2 0 E 00t 0E*"} GEO"O QG 20E9

28" ] 6E"0O ol 0°62 00c1L 0L 002 0E"O 0400 06 2089 (892

oL 0°02 00G2 0°g 00" v oc- L GEO"O G "20E9
0L} 0°% 0062 o E 00" v OE" L GEO"O " 2089

69| 022 ovl | 0°G2 00%1 0L 00"2 1050 §) 04070 0E€"20E9? |94 4
oL ] 076 00s2 o'g 00" v og"L GEO"O 9G"20E9

"TUTRANUTIUOD L-AT 2I1QTL



suy3 TIoH6TE 3IpIenbien Syl DbuimolToF 3
azenbs-jcea] Ieautry-uou a8yl HBursn (SUTT Pa330p) po3ndwod

ouo ay3 uyjtm poxeduwoo ‘g Textd ‘¢ uoriysod ‘g0e81 T
jodsuns sy3 JI0F (dUTT P3Ysep) o1TF0ad § S9¥03S PaAIISAQ

nbtuyoai

e1*'G~-AT*D1d

Pe3a3lg4 T
peqbadtld TUTNT
HL12N33NBM
L"20E€9 9°'20£9 4°'28E9 b 2BE9 E£°20E9 2303 1 °'2BE9
¥ T V T T i T
LT 4" LEBHLIDE ‘OML  1EDHLIYYI®T 1 S 28721 Aoy ggeal
2 - si17@-
PN NG ~ ‘@-
SN AN A oL e
A AR VA
A A\ LN
/ 1 K \ )
/ FR ey \ §
! 3 A A \ - sere- 3
/ . i \ i
W P \ i
W ;o . P
LA A
: N
R F —- 08°8
5\ ;
.,../. ... .\
..../ .... .\
N i
Y / - s8-a
\ A
\ i/
Nt/
~_.”
<1D23ds3a>
- 81




*e7*G=AT *BT4d UT se uofzTsod swes ay3z 103

HLON 33NN

L 20E9 9°2BEY S°20BES

P 282

soTTyoad N S9Y0O3E (PO3IJIOP) peandwoo pue (paysep) pPaaAIsSsdQ

Pe®331 4
p®3 332405

£"20€9 2"26E9 12093

T T T T
JIA° LENBLY L “OML " tENHLUL (91T 4

T T T
g ung 282 Foy EBESL

-

<133dS3d>

qQi°s-AI*bT4a

gL ‘8-

508~

Pe- 0

N S3X04S

gL 0



“eT"g—-AI *BTd ut Sse uot3Tsod swes s8yjl JI0JF

sory3oxd A sadoas (p933op) poaInduod pue (paysep) P3AIISJO

o 531
PO sy J19. SRS
HLONI3NBM
2"20ES 95'2089% S5°'206E9 p 208 £°2BE£8 2’'208ES 1*20€£9
T T T T T T r
LIA°IEAMLY L ‘OML” LEAHLYL ST Y £'sod 2821 Aoy EOERL
TN
7 A\ —
\-.\.- ./
i \
..u.\ a-.. ./
/ 4 \ -
7 Y \
.\ \ m wﬂ
i/ e, N
; T !
H / ) N,
\\ . -
. »
N £/
N\ £
.... /. ... y
..,. /. ....\‘
'-' /. %s —
w / \
,... /. \....
N, /i
Y \, \x { -
S NI
- <1>3453a>

D1°6-AI"DTd

6L "B~

50°8-

A s3MnoLs

S P

gL'e

S1°8

g2'o



IV-5.1b and IV-5.1c for pixel number 31 . Similar plots
are shown in Figures 1IV-5.2a,IV-5.2b and IV-5.2c¢ +for the
same posilion with pixel 30.

In all these figures , the fitting of the observed
profiles with those of the computed ones, to recover the

parameters is good.

Notice that the V profile does not change sign. Thus
we are looking at one side of the observed polarity
inversion line (neutral line). Since the sunspot is not
al the disc centre , (u4=0.,88), the 1line of sight is
approximately 30° to the normal to the pholtosphere. Thus
the inclination should monotonically increase or decrease
as one moves from the penumbra towards the umbra,
depending on the side of the inversion line being looked
at. Figure IV-5.3 shows the plot of the inclination of the
magnelic field as a function of the position across the
sunspot (pixel number reckoned from the fiducial mark;
each pixel number corresponds toe 200 microns {.e. 1.1
arcseconds). The inclination increases as one moves
towards the umbra. Thus we seem to be looking at the inner
portion of the umbra. The above conclusion 1is consistent
with the strong total magnetic field strengths seen in
Flgpure 1V-5.4 as well as from the position of the slit on
the sunspol as seen in Figure 111-1.1.

The field strengths show values between 300-4300
Gauss. Without more data, it would be premature to comment

on the structures seen in these figures.

Figure IV-5,5 shows a decrease in the slope of the
source function (pB1), as one goes lLowards the umbra. If
one could interpret this as a decrease in the temperature
gradient, as one moves towards the umbra, then this

indicates a smaller heat flux in the umbra.

Figure 1V-5.6 depicts the line centre wavelength
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decreasing towards the umbra which indicates that the
umbral region shows a line of sight blue shift relative to

the penumbral region.

The azimuth is not shown for these positions because
this is a single scan across the sunspot, and the 180°
ambiguity in the azimuth would be difficult to resolve 1in
the absence of H-a pictures corresponding tao these
observations. In Figure IV-5.7 a wavelength plot of the
azimuth as recovered from tan—1(U/G) , for position 3, at
pixel number 32 is shown. The fitted curves from the
same, as determined from the non-linear 1least sgquare
fitting is also shown. Notice that the shape of the curves
is consistent with the sudden change in the values at the
spectral line wings, which is consistent with the change
in the linear polarisation from one orthogonal form to

another, as decided by the Zeeman effect.
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CHAPTER V
SUMMARY AND CONCLUSTIONS

1. OVERVIEW.

The aim of this thesis has been measurement of Stokes
profiles and vector magnetic fields in sunspols using the
Kodaikanal Tower/Tunnel Telescope and spectrograph.
Although this coelostat telescope had bheen constructed
with no polarisation measurements in mind, it has been
possible to make such measurements given its limitation of
oblique vreflections and its advantages of very high
spectral and spatial resolution. It is this advantage of
high spectral and spatial resolution that made it possible
to measure the Stokes profiles and derive both vector
magnelic fields as well as physical parameters of the

solar photosphere in the region of magnetic concentration.

Starting with an extensive study of the polarisation
introduced by the instrument and its effect on the
recorded Stokes polarisation profiles, we have attempted
the design and construction of a simple polarimeter. This
has only a few optical components in the path of a light
beam, which minimises the instrumental polarisation.
Using this polarimeter, we have photographically recorded
the Stokes polarisation profiles, in the 26300 A
region,across a few sunspots in an effort to derive both
vector magnetic fields as well as lhe physical parameters

across sunspols.

Our next effort has been to establish a regular
working procedure for the reductions of the spectral lines
into a useable form. One of the major reasons why full
jine Stokes polarimetry is notl used to produce 1lwo
dimensional maps of sunspots and other active regions, is
the enormous guantity of data to be handled as well as
computer time needed. To our knowledge only Kawakami's

work has made any attemplt in that direction. The present
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study has also been motivated to understand the data
handling problems.

From the observed Stokes profiles that have been
corrected for the instrumental polarisation, we proceed to
recover the vector magnetic fields and other physical
parameters through an inversion technigque. The inversion
technique is still in a its infancy, and we are yet tlo
appreciate many of its advantages and understand its
limitations. Once again, we have come across only the
attempt of Skunmanich and Lites (1987) 1lo wuse this
technique and test it on real data. We have attempted to
tune the algorithm for better fitling.

On the instrumental front, using the photographic
emulsion has been a disadvantage. Our the signal to noise
ratios indicate that the measurement of polarisation is
accurateto the order of 2%. One needs to wundertake
detailed modelling in wvarious situations to translate
these quantities into uncertainties of the vector magnetic

field and other physical parameters.

The work done here complements the broad=-band
polarisation work done at several observatories,
particularly those of the NASA MSFC system as well as the

Tokye Astronomical Observalory.

In principle cross talk from V into @ could be made
very small in this method and thus make the measurements
of umbral fields more reliable compared to the ones
obtained using instruments that employ electro-optic
modulators. One might expect non—potentiality of sunspot
umbrae to have a dominant influence on manifestations of
solar activity such as sglar flares, eruptive filaments,
disparations brusgues. Thus reliable measurement of
vector fields in the umbral is crucial for the

understanding of these processes. It is for this rea&ason
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we wish to pursue Stokes polarimetry as a mode of

measuring vector fields despite difficulties encountered

in both acquisition and interpretation of data.

2. FUTURE IMPROVEMENTS.

The backjground and practical experience gained from

this excercise has shown the need for several
improvements.

2.1 The polarimetric system:

In order to record polarisation spectral line
profiles of Zeeman sensitive lines in the solar speclrum
anywhere between 3000 to 7000 Angstroms it is necessary to
redesign the polarimeter. The major changes envisaged
include: a}) replacing the existing A/4 plate (6302 &)
with an achromatic rotating quarter wave plate also known
as the Pancharathnam plate. The rotation of the
achromatic A/4 plate is intended to chop the polarisation
beam and thus to improve the signal-to-nojse ratio,
b) Replacing the existing polaroid with a Glan-Thompson
polariser, as polaroids are not 100% efficient. We also
intend to keep the polariser fixed so as to always have
linear polarisation of the output beam with the electric
vector vibrating along the direction of the grating rule

to exploit the full efficiency of the grating.

2.2 The detector system?

In conjunction with what has been mentioned in the
previous seclion, the next obvious goal is 'tlo have a
better two—-dimensional detector system preferably a
charged—coupled—device to improve the quantum efficiency,
reduce noise and to increase time resolution. This would

help in acheiving better polarimetric accuracies.
2.3 Reduction of scattered light and improvements to

telescope seeings
A system of paffles needs to be designed both at the
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the telescope as well as the spectrograph, to prevent
spatially scattered light reaching the telescope image
plane and to prevent spectrally scattered light within the

spectrograph contaminating the recorded specltrum.

2.4 An on-line seeing monitor cum image guiding system

hooked to the telescope to enable a raster scanning
facility alt image plane.

2.5 Auxiliary information in the form of Ha
spectroheliograms at the same spatial resolution with near

simultaneity is imperative to resolve the 1a0° ambiguity
of the vector field.

2.6 The existing algorithms for the non—-linear
least—square fitting need to be modified because of itls
slow convergence. It may be necessary to search for
better inversion techniques compared to the Marquardl

algorithm.
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APPENDIX

A PROTOTYPE EIIIPSOMETER TO MEASURE THE REFRACTIVE INDICES
OF ALUMINIUM COATED ON THE SURFACE OF COELOSTAT MIRRORS.

Since the reflectivity of aluminium changes with time,
the real part, n of the complex refractive index A and the
extinction coefficient k (imaginary part of Ay wvary with
time. Our purpose in designing and constructing a protolype
ellipsometer is to monitor these changes. So far, in all
measurements of magnetic fields on the Sun, only the
laboratory values of the of the indices n=1.13 and k=6.3%
have been used (Makita and Nisht. 1970; Schuls and
Tangerlini 1954).

A.1. THE METHOD.

OQur purpose here is to measuren and k. Let

R
A
x F —
Rl
where RLand R" represent the intensily reflection

coefficients perpendicular and parallel to the plane of
incidence, respectively. As tlhe angle of incidence slowly
changes from 0° to 907, HI passes through a miniqum; the
angle of incidence at which 1this occurs is called the
principal angle ip (Clarke and Gratnger 1971). At the
principal angle the phase difference 7 between the the RI

and RLcomponents is N/2.

If linearly polarised light is incident on the mirror
surface, with the vibration direction making an angle of
45" with the plane of incidence, then the reflected light
is elliptically polarised. If we further introduce a phase
difference of /2 belween the orthogonal components of this
elliptically polarised light,then it will be converted to
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linearly polarised light. A polaroid in the path of the
reflected beam, when rotated about the propogation
direction, will then, at some orientation of the polaroid
lransmission axis, completely extinguish the beam (i.e.,
when the polaroid transmission axis is orthogonal to the

vibration direction of the linearly polarised beam).

The azimuth » , the angle subtended between the
polaroid transmission axis and the perpendicular to the

plane of incidence,measured in an anticlockwise sense, is
talled the principal azimuth. The principal angle ip is
found to obey the law (Clarke and Grainger 1971)

Lsindp lanig ]4 - (n2+h2)2—2(n2-h2)sin2ip— §.n4ip

The principal azimuth follows the approximate relationship

_ﬁ_= tany

n

A.2. THE DESIGN.

With the above relationships in mind, we have designed an
ellipsometer to measure n and k. The spectral lines that
are used for the measurement of the vector magnetic fields
are Fe I A6301.5 A and Fe I A6302.5 A. Since we require n
and  about this wavelength, the light source used 1is a

Spectra-Lase Helium—Neon laser at A6328A.

The design drawing of the ellipsomeler is shown 1in
Filgure A-1. The two arms of the ellipsometer, one
containing the light source and the other containing tlhe
detector are moveable, about the normal of the mirror, from
angles 0* through 84", symmetrically. A semi—~circular
graduated steel plate holds the arms of the ellipsometer
and can be clamped onto the mirror cell of any one of lhe
coelostat mirrors. The scale can be read off t? an
accuracy of 0.25° . The angle range of 10° to 80 is

restricted because of mechanical constraints of positioning
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the coelostat. The motion of each arm of the ellipsomeler

is achieved by mechanical vrollers that rest in

positions about the steel plate. Each arm

two

is held in
position by a wing-nut. When the arms of the ellipsometer

are at very large angles to the normal of the mirror

surface, the wing-nuts can fasten the arms with the help of
a detachable lever—spanner.

The arms of the ellipsometer are made of brass lubes.

Dne arm containing the 1light source consists of the
following parts:

I. The helium-neon laser source which is held in position
by a clamped arrangement so that the laser beam passes

through the geometric cenlre of the tube.

II. A sheet polaroid mounted in a cell. This enables the
polaroid to hLe rotated about an axis normal to lhe laser
beam. A graduated scale (with an accuracy of 0.5°) at the
periphery of the cell helps to measure the orientation of
the polaroid transmission axis. In this case, the
transmission axis of the polaroid is kept fixed, at an

angle of 45" to the plane of incidence.

The beam emerging from the tube gels reflected by the
mirror surface to enter the other tube containing the
detector arm. The detector arm contains the following

componentls:

1. The guarler wave plate assemhly for 1lhe conversion of

elliptically polarised light to linearly polarised light.

11. This is followed by another polaroid assembly that acts
as an analyser for the emergent linearly polarised light.
Both the guarter—wave plate as well as the polaroid are

mounted in rotatable cells similar to the polaroid gell in

the light source arm.
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IIIl. Following the polaroid is an assembly to mount an
optional depolariser.

IV. A movable dekker, with various size apertures for
preventing scattered light, allows the laser beam to fall
on the detector which is a Light Sensitive Resistor.

The detector is connected in a simple Wheatstone
bridge circuit that has a 15-volt input supply. The output
is connected to a voltmeter from which the signal can be
read-off. Since we seek a minimum signal when the polaroid
completely extinguishes the linearly polarised light
emerging from the quarter—-wave plate at the principal

angle, this simple arrangement is adeguate.

Initial tests of this protolype ellipsometer on the
third mirror located at the bottom of the tower have proved
to be encouraging. Certain modifications, however, need to
be incorporated before the ellipsometer is made
operational. These include strengthening the steel plate as
there is flexure on the steel plate, polishing of the
grooves in the steel plate holding the guide rollers so
that a smooth movement of the arms can be achieved and
configuring an arrangement such thal each of the arms of

the ellipsometer acts as a counter—weight to the other.
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