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Abstract

The determination of the radial and latitudinal temperature and wind profiles of
the solar corona is of great importance in understanding the coronal heating mechanism
and the dynamics of coronal expansion. Cram (1976) presented the theory for the
formation of the K-coronal spectrum and identified two important observations. He
observed the existence of temperature sensitive anti-nodes at certain wavelengths in the
theoretical K-coronal spectra. The anti-nodes are separated by temperature-insensitive
nodes. Remarkably, Cram showed that the wavelengths of the nodes and anti-nodes are
almost independent of altitude above the solar limb. Because of these features, Cram
suggested that the intensity ratios at two anti-nodes could be used as a diagnostic of the
electron temperature in the K-corona. Based on this temperature diagnostic technique
prescribed by Cram a slit-based spectroscopic study was performed by Ichimoto et.al
(1996) on the solar corona in conjunction with the total solar eclipse of 3 November 1994
in Putre, Chile to determine the temperature profile of the solar corona. In this thesis
Cram’s theory has been extended to incorporate the role of the solar wind in the
formation of the K-corona, and we have identified both temperature and wind sensitive
intensity ratios. The instrument, MACS, for Multi Aperture Coronal Spectrometer, a fiber

optic based spectrograph, was designed for global and simultaneous measurement of the

XXXVili



thermal electron temperature and the solar wind velocity in the solar corona. The first
ever experiment of this nature was conducted in conjunction with the total solar eclipse of
11 August 1999 in Elazig, Turkey. In this instrument one end of each of twenty fiber
optic tips were positioned in the focal plane of the telescope in such a way that we could
observe conditions simultaneously at many different latitudes and two different radial
distances in the solar corona. The other ends of the fibers were vertically aligned and
placed at the primary focus of the collimating lens of the spectrograph to obtain
simultaneous and global spectra on the solar corona. By isolating the K-coronal spectrum
from the spectrum recorded by each fiber the temperature and the wind sensitive intensity
ratios were calculated to obtain simultaneous and global measurements of the thermal
electron temperature and the solar wind velocity. We were successful in obtaining
reliable estimates of the coronal temperature at many positions in the corona. This is the
first time that simultaneous measurements of coronal temperatures have been obtained at
so many points. However due to instrumental scattering encountered during observations,
reliable estimates of the wind velocity turned out to be impossible to obtain. Although
remedial measures were taken prior to observation, this task proved to be difficult owing
to the inability to replicate the conditions expected during an eclipse in the laboratory.
The full extent of the instrumental scattering was apparent only when we analyzed the
observational sequence. Nevertheless the experience obtained from this very first attempt
to simultaneously and globally measure both the wind velocity and the temperature on
the solar corona have provided valuable information to conduct any future observations

successfully.
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Chapter 1

INTRODUCTION

1.1  Introduction to the solar corona
The solar corona is the region which begins at an altitude of ~2000 km above the
solar photosphere, and then extends out to many solar radii. This region becomes visible

to the naked eye during a solar eclipse as seen in figure (1.1).

Figure (1.1). The solar corona as seen during the
solar eclipse of February 26, 1998. Picture: NASA
eclipse library




Accounts of solar eclipses date back to at least the fourteenth century BC.
However it is not clear that the solar corona was ever mentioned. The first clear mention
of the corona was from Kepler in his Astronomiae pars Optica, although he seemed to
have attributed the corona to be a property of the moon. With the advent of photographic
methods and spectroscopy in the nineteenth century experimental studies were initiated
on the nature of the sun during eclipses. By then eclipse path predictions were also
possible. Edmond Halley was the first to predict the path of an eclipse in 1715 using the

Newton’s law of gravity.

At the 1860 solar eclipse, comparisons of photographs by De la Rue and Secchi
from different locations confirmed that prominences were solar in nature. Prominences
are cloud-like features with a reddish color, often seen during solar eclipses off the sun’s

limb. This confirmation also added weight to the fact the corona too was solar in nature.

Further discoveries followed with each subsequent solar eclipse. In the solar
eclipse of 1871, Janssen discovered and identified absorption features in the solar
spectrum. In 1814, Fraunhofer had been the first to label certain absorption features in the
spectrum of the sun, and Janssen was able to identify some of Fraunhofer’s lines in the
coronal spectrum. Most of the Fraunhofer features in the solar spectrum are atomic lines
that are formed in the solar photosphere, although some are caused by molecules in the
earth’s atmosphere. Janssen’s discovery of the solar absorption lines in the coronal

spectrum confirmed that the corona was also solar in nature.



At the same eclipse of 1871, through spectroscopic observations Lockyer showed
that the coronal gases extended ~500,000 km above the solar limb. This observation
provided the first clue that the corona was also very hot. Later observations have showed
that the corona extended to over thirty solar radii above the solar limb. Because of this
great spatial extent, it can be inferred that the coronal gas is very hot. As to how hot the
gas actually is, we look to the coronal spectrum for an answer: this is a major aim of the
present work. However it was already known in 1957 (from work of E.N. Parker) that the
coronal temperature is so high that it has important dynamical effects. To see this, we
note that the extended nature of the solar corona is a result of a competition between
gravity and gas pressure: the radial gradient of gas pressure tends to force material away
from the sun, whereas gravity tends to hold the material back. In the inner corona, within
one or two solar radii of the surface, these opposing tendencies balance each other almost
exactly. However, beyond a few solar radii, Parker (1965) showed that gravity loses the
competition, and the corona accelerates away from the sun to form the solar wind.
Spacecraft measurements of the wind flux show that if the corona were not continually

re-supplied with material, the wind would empty the corona in a time-scale of a few days.

With the dawn of the spectroscopic age it was now possible to identify the
elements present in hot gases through spectrum analyses. Hot gases emit photons at
wavelengths, which are precisely characteristic of the elements present in the gases.
However the coronal spectrum posed a great problem because most of the wavelengths

could not be identified with known elements on Earth. Edlen (1937) identified some of



the emission lines as originating in forbidden transitions of the element iron in highly
stripped stages of ionization, FeX and FeXIV. Forbidden transitions are those which are
not allowed by electric dipole selection rules: the transitions must be induced by
magnetic dipole or electric quadrupole interactions. For iron to be in the ionization stages
FeX or FeXIV requires that the electron temperature in the coronal gas be at least 1.0
MK. For the forbidden transitions to occur, the ambient gas must have densities that are
lower than a certain value. The upper limit of the density depends on the details of the
transition. Golub and Pasachoff (1997) give a very detailed account of the history that led

to the discovery of the solar corona and its properties.

Figure (1.1) shows the solar corona during an eclipse. It is also evident from this
picture that the coronal intensity peaks around the solar equator and gradually diminishes
as it approaches the solar poles. Due to the reduced coronal intensity around the solar
poles, these regions are called coronal holes. Although the coronal light intensity is small
in these holes compared to the equatorial region, the holes are also the region for the fast
solar wind. Figure (1.1) also shows solar plumes that radiate out from the north pole and

south pole of the sun tracing its magnetic field.

In the solar wind, material consisting of protons, electrons and a mixture of heavy
elements flow out from the sun into interplanetary space. This ionized flow is so highly
conducting that it drags along the magnetic field from the sun. The spatial extent of the

solar wind is unknown: eventually, the wind runs into the interstellar medium and is



terminated at a shock. Spacecraft has not yet located the termination shock of the solar

wind, but estimates put it at a distance of order 100 AU from the sun.

In essence the solar corona is an extremely hot (> million Kelvin), highly ionized gas
surrounding the sun. This is visible only during a total solar eclipse as a white light
region extending to several solar radii, displaying streamers, plumes and loops. Its
appearance changes during the solar cycle. At solar maximum it consists of many
structures around the disk, but at the solar minimum it is dominated by large coronal

holes at each pole and sheet-like structure near the equator.

The brightness of the solar corona surrounding the solar disk is composed of three

main components, namely;

a. K- (Konfinuierlich) corona: The K-corona is due to the scattering of the
photospheric light incident on the rapidly moving free electrons in the solar corona.
The free electrons are a result of the electrons stripped off the coronal gas elements
due to extremely hot temperature in the corona. Due to the high thermal velocity of
these electrons they tend to broaden the photospheric spectrum, which consists of
narrow lines, giving rise to a continuous spectrum. This scattering process is

commonly known as Thomson scattering.



b. E- (Emission) corona: The E-corona is due to the emission from coronal ions,
especially in highly ionized states. These emission lines are in many cases forbidden
transitions resulting from atomic transitions from the highly ionized ions in the
corona. Although these transitions are difficult to replicate in laboratories, however,

they are not over ruled by selection rules for atomic transitions.

¢. F- (Fraunhofer) corona: The F-corona is due to photospheric light being scattered
by dust particles in interplanetary space. Dust particles which are refractory enough to
be able to survive at radial distances of a few solar radii also emit radiation in the near
and mid-infrared wavelength regimes. The F-corona dominates the visible coronal
brightness from about three solar radii distance from the center of the sun and has an

increasing contribution to the total coronal brightness at longer wavelength.

Figure (1.2) shows the radial brightness distribution of the F-corona, the K-corona
and the E-corona. From figure (1.2) it is evident that the K-corona dominates in the
coronal brightness to a height of ~ 2.0 solar radii above the limb and the F-corona begins

to dominate beyond that height.



Figure (1.2). This plot shows the variation of the E,
K and F components of the solar coronal brightness
with height above the solar limb.

As for the reason for the existence of the solar corona there does not exist a firm
answer. Observations of other stars have revealed that many stars have coronae and many
others do not. Empirically, the solar corona is densest and hottest in regions of closed
magnetic fields (“loops”), and is coolest and fastest moving in regions of open fields
(“coronal holes™). These results indicate that magnetic fields play an important role in the

coronal heating process.



Figure (1.3) shows a cross section of the sun with some of its prominent features
and the temperature scales between the core, photosphere and the corona. The core is the
innermost part of the sun where energy is generated by nuclear reactions and its
temperature is ~15,000,000 K. The photosphere is the visible surface of the sun and also
the layer which emits the light the human eye sees. Its temperature is ~ 6,000 K. The
corona is the outer most layer in the solar atmosphere and consists of highly rarefied gas.
This layer begins at altitudes of about ~ 2000 km above the photosphere and its
temperature is ~1,000,000 K. The corona is visible to the naked eye only during a solar
eclipse. The region between the photosphere and the corona is the chromosphere. The
region demarcating the chromosphere and the corona is the transition region that
features a sharp temperature rise from ~10" K to ~10° K within a range of ~ 500 km. The

coronal streamers are large-scale magnetic structures in the corona.

From the point of view of physics, the most interesting aspect of the corona is the
huge increase in temperature that occurs as we move from the photosphere (~ 6000 K) up
into the corona (~1.0 MK). Now, coronal material must be replenished every few days
(due to the solar wind): the only source of this material is the photospheric gas.
Therefore, the creation of the corona is a continual process that involves heating the 6000
K gas to several million K. It is impossible for a thermal process, i.e. one based on solely
on exchange of internal energy, to do this. Therefore, a variety of non-thermal processes

have been considered in the literature (Narain and Ulmschneider, 1996). The energy



budget of the corona is not very demanding. Of the total energy flow through the solar

surface, one part in 10° suffices to heat the corona (Tsuneta, 1996).

Figure (1.3). A cross section of the sun to highlight the prominent
parts of it and the temperature scales between the core,
photosphere and the corona.

Picture: SOHO pictures library

The most likely source of non-thermal energy input to the solar corona is
associated with disturbances generated in the solar convective layers, as shown in figure
(1.3). These disturbances in the solar interior are manifested as supergranulations,
granulations, magnetic flux tubes, and wave motions on the solar photosphere and

acoustic energy above the photosphere. Now the question is to determine, which of these



energy forms can propagate upwards and then dissipate in the solar corona. However this
process is further compounded by the need for the widely differing power requirements
for the different coronal structures. The following are some of the popular method of

non-thermal energy deposition in the solar corona.

The most favored candidates are the Ohmic dissipation of the coronal electric
currents and the viscous dissipation of magnetohydrodynamic (MHD) waves and
turbulence (Narain and Ulmschneider 1990). The coronal electric currents are believed
to be generated by the twisting of the magnetic flux tubes and, depending on the
resistivity of the coronal plasma, dissipate through Joule heating in the coronal plasma.
The MHD disturbances are believed to propagate along the magnetic fields protruding
from the solar surface into the solar corona and dissipate their energy. These MHD waves
can be visualized as a combination of the longitudinal sound waves and the transverse
Alfven waves. Alfven waves are waves generated by the disturbance of the magnetic
field lines and the sound waves could be produced by pressure perturbation. See Zirker
(1993) for a survey of coronal heating theories, and conditions a successful theory must

satisty.

The sun is also occasionally the site of transient releases of energy in the form of
flares. These events emit high-energy particles and shock waves that may create aurorae
on the earth. Although the reason for the solar wind is well understood to be driven by

gas pressure due to the high temperature of the gas, however, the driving mechanism that
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causes the solar wind flow velocity to change from subsonic velocities to supersonic
velocities during its flow in the solar corona is yet to be established. The first analytical
treatment of the solar wind model is due to Parker (1965). It was based on a thermally
driven wind model. However the large velocities predicted at 1.0 AU do not seem to
match the physical parameters at the coronal base. Here again the treatment of the solar
wind as a purely thermally driven wind cannot produce the experimentally observed high
velocities for the solar wind and some form of other non-thermal energy deposition
mechanisms are needed to describe its transformation into supersonic velocities. Solar

Wind Nine (1998) and the references therein give a summary of the present situation.

Since the corona itself does not contain any heat sources that could possibly heat
the corona to above million degrees or drive the solar wind flow to supersonic velocities
the possibilities need to be linked to various phenomena on the solar surface itself. And,
as a natural consequence to link various solar surface phenomena with the properties of
the solar corona it is important to measure the coronal properties as accurately as
possible. In this regard two of the most important physical parameters on the solar corona
are the temperature and the solar wind velocity at different latitudes and radii in the solar
corona. Therefore measurement of the coronal temperature and the solar wind velocity,
simultaneously and globally on the solar corona, would help in gaining further insight
into the state of the matter and its dynamics in the solar corona and its association with

the solar surface phenomena.
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The focus of this research is on the measurement of the coronal temperature and
the solar wind velocity, simultaneously and globally, on the solar corona from the
measurement of a single observable quantity. In section (1.2) some of the methods used
by other researchers for the determination of the coronal temperature and the solar wind

velocity are discussed.

1.2 Other methods to measure the solar wind velocity and the coronal
temperature
The following are some of the techniques adopted in the measurement of the

coronal temperature and the solar wind velocity.

(a) Measurements of the radial intensity distribution of the white light corona (Saito
1965, Koutchmy 1971, Guhathakurta et al. 1992) allow one to derive the scale-height
of electron density. This can be converted to an equivalent electron temperature if one

assumes hydrostatic equilibrium.

(b) Emission line intensities of various lines have been used to determine the
temperature of coronal electrons (Gabriel 1971, Nakada et al. 1975, Tsubaki 1975,
Guhathakurta et al. 1992). These emission line theories rely on the ionization
balances, various excitation mechanisms and atomic constants. Some of these
quantities are subject to major changes owing to new discoveries in atomic physics.

Ionization balance occurs when the rate at which an ion loses electrons per second (as
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a result of collisional ionization by free electrons) is balanced by the rate at which the
ion gains electrons per second (as a result of recombination). The excitation
mechanism that is assumed to be predominant is collisional excitation. This model is
a simple two-level atom consisting of the ground level m and an excited state n. The
population of the upper state is set by a balance between collisional excitation from m
to n due to electron-atom collisions, and by spontaneous radiative decay from »n to m
via an allowed atomic transition. For the coronal conditions the induced emission
from n to m, the photoexcitation from m to n and the collisional de-excitation from
impacts with electrons are considered negligible. The atomic constants that are
inherent in this model are the FEinstein coefficients for spontaneous emission,
statistical weights of the various atomic levels, collisional excitation coefficient and
the collision strength factor. The latter is a slowly varying function of the incident
electron energy and involves difficult quantum mechanical calculations. In this regard
we have preliminary evidence to suggest that Thomson scattering could be partly
responsible for the emission lines in the EUV region using the Thomson scattering

code developed as part of this dissertation work.

(c) Hara et al. (1994) used the ratio of the soft X-ray intensities in different energy
bands to determine the coronal ‘color temperature’. They used the X-ray analysis
filters onboard Yohkoh to formulate a filter ratio method to determine the temperature
of the quiet corona and have reported a value of 2.7 MK (Hara et al. 1992). Here

photon energy ratios are determined for different filters. These are again functions of
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the wavelength and temperature dependent emissivities and the response
characteristics of the filters. Hara et al. (1994) and Withbroe (1988) contains reviews

of coronal temperature measurements by various other groups.

(d) Withbroe et al. (1985) measured the temperature of coronal ions using the
Doppler widths of emission lines. The Doppler width measures the wavelength shift
due to motion of the gas responsible for the observed emission line, which could be
determined by comparison with a calibration lamp for the same emission line. Here
the motion is attributed to the kinetic temperature, which includes both thermal and
non-thermal motions. However to isolate the thermal effect on the motion the non-
thermal effects on the motion, such as motions due to turbulence and waves, have to

be eliminated.

(e) Radio observational techniques have also been used to infer the temperature of
coronal electrons (Zirin 1966). This method involves the radio observation of the
quiet sun in determining the coronal temperature. From each level of the solar
atmosphere only emission at frequencies higher than the plasma frequency may
escape. Therefore, by tuning on to different frequencies the radio emission down to
the region where the plasma frequency matches to the tuned frequency could be
measured. This will include levels on the solar atmosphere with different
temperatures too. If these temperatures are irregular the hotter regions are heavily

weighted. For low optical depth the radio emission intensity is a product of the source
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function and the optical depth where optical depth is a measure of how far the
radiation will travel before being absorbed or scattered, which is also a function of the
frequency. The radiation in the radio region is assumed to be due to free-free
emission neglecting other non-thermal processes where the free-free emission is due
to deceleration of an unbound electron during its passage close to an ionized atom. In
addition the Planck function is assumed to represent the source function. Here again
these are beset with uncertainties associated with the optical depth effects, refraction
and the emission mechanisms. Furthermore, the presence of magnetic fields could
produce other cut-off-frequencies associated with gyroresonance, which complicates
the propagation. This reversal of the above procedure is also possible where radar
signals are directed at the corona and are bounced off the layer where the plasma

frequency is greater than the frequency of the incoming signal.

Doppler dimming technique has been used to measure solar wind velocity. In this
technique (Strachan et al. 1993) the aim is to measure the intensity of a
chromospheric line which has been resonantly scattered off coronal material. If the
coronal material were to be at rest relative to the chromosphere, then the resonant
scattering would be optimized, and the intensity of the scattered line would be
maximized. However in the event that the coronal material has a non-zero velocity
relative to the chromosphere, there is more or less significant reduction in the overlap
of the line profiles in the chromosphere and corona. As a result of this mis-match

between chromospheric and coronal line profiles, the efficiency of the resonant
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scattering is reduced. The scattered line becomes dimmer, the larger the velocity
difference between corona and chromosphere. Quantitative interpretation of an
observed dimming in terms of wind velocity is subject to a number of uncertainties:
among these are the emission mechanism of the line, and the associated atomic

constants.

(g) Solar wind velocities have also been measured using remote sensing techniques.
Here a known radio signal is made to propagate through the solar corona and through
the detection of fluctuations in various properties of the radio signal is utilized to
determine the motions of density inhomogeneities in the solar corona. For these
remote sensing techniques, a variety of methods are available, depending on whether
the distant source is a natural source (broadband) or artificial (narrow-band). The
fluctuations which the solar corona creates in intensity or in phase or in frequency or
in line-width contain information on coronal density inhomogeneities on a broad
variety of length scales, from a few kilometers up to tens of thousands of kilometers
(Yakovlev and Mullan 1996). Observations can also be made from widely spaced
ground stations or from single stations (Coles et al. 1986, Watanabe & Schwenn
1989, Efimov 1994). Here the results are acknowledged to be substantially lower than
the Doppler dimming techniques (Strachan et al. 1993). These too could be beset with
problems owing to solar radio interference, carrier signal broadening and the
sensitivity to variations in the density of the ionosphere. In addition they also detect

the motions of density inhomogeneities that include not only the bulk outflow of the
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solar wind, but may also include wave motions if the latter have a compressive

component. A review on this subject is found in Bird (1982).

In all of the techniques summarized above, the aim is to measure the temperature of
the coronal electrons or ions, or the solar wind speed. The techniques depend in different
ways on a number of parameters, each of which is subject to uncertainty. However the
theoretical idea utilized in this dissertation work is based on an well-understood simple
physical principle, which is based on Thomson scattering of the photospheric radiation by
the coronal free electrons, which is responsible for the formation of the K-corona. Here
the quantity measured, which is the intensity, is dispersed over a wavelength region. The
scattered intensity over this wavelength region is dependent on both the coronal
temperature and the solar wind velocity with certain regions in the wavelength spread
being sensitive to either the temperature or the wind velocity. This feature of selective
sensitivity is exploited to formulate temperature and velocity diagnostics. In chapter-2 the
physical overview for the formation of the K-corona is explained, together with a
methodology to derive the thermal electron temperature and the solar wind velocity from

the K-coronal spectrum.
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Chapter 2

FORMATION OF THE K-CORONA AND THE FOCUS OF THIS RESERACH

2.1  The K-corona

The K-coronal spectrum, as described in chapter-1, is the coronal brightness
attributed to the photospheric spectrum scattered off the free electrons in the solar corona.
The existence of the free electrons is due to the high temperatures prevalent in the solar
corona. This scattering phenomenon is commonly known as Thomson scattering. This

brightness is only revealed during a total solar eclipse.

2.2 The photospheric spectrum

Figure (2.1) shows the solar spectrum in the visible region, as it would appear
above the earth’s atmosphere. The shape of the photospheric spectrum is similar in
nature, however, with a much greater flux. As evident from the solar spectrum the visible
region is replete with absorption lines. Among the deep and conspicuous absorption
lines, which were labeled by Fraunhofer, are the calcium H and K lines at 3968.5

angstrom and 3933.7 angstrom, respectively. The dark Fraunhofer lines observed in the
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solar spectrum are caused by selective process of line scattering or line absorption,
accompanied by continuum absorption.
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Figure (2.1). This is a plot of the extraterrestrial solar
irradiance spectrum. This was obtained by starting with
the ground-based Fourier Transform Spectrometer at
the McMath/Pierce Solar Telescope at Kitt Peak,
Arizona, and then correcting for wavelength-dependent
absorption in the Earth’s atmosphere
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2.3  The scattering source
The scattering source for the formation of the K-corona is the free electrons in the
solar corona. For a corona of one million Kelvin these free electrons have a mean thermal

velocity of ~ 5500 km/sec and given by equation (2.1).

V= Jﬁ where (2.1
m

k = Boltzmann constant =1.38x10° 23 J/K

m = Electron mass =9.11x10" 31 kg

T = Coronal temperature ~ 106K

In an equilibrium state the electron velocity distribution can be described as Maxwelian
in the solar corona where the electron number density in the vicinity of the solar limb is
~10® cm”. This means that due to frequent collisions the velocity distribution is the same
in all coordinates. However cataclysmic phenomena such as flares or coronal mass
ejection can cause a deviation from a Maxwellian distribution locally. Furthermore, in the
case of dilute plasma where collisions are infrequent the velocities may differ in different
directions. This may be more pronounced in the interplanetary space where the particles

stream from the sun in one direction.
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2.4  The effects on the incident radiation by the scattering source

In section (2.3) it was shown that a free coronal electrons move with an average
thermal velocity of ~5500.0 km/sec in a corona of million degree Kelvin. Such motions
are called Thermal Motions. This also means that a photon of wavelength (A ) incident

in an electron will be Doppler broadened by equation (2.2).

Al = Ax~ where (2.2)
c

v ~ 5500km/sec for T =1.0 MK

¢ =3x10° km/sec

From equation (2.2) for an incident wavelength at 4000.0 angstrom the
broadening is ~70.0 angstroms. This phenomenon is called Thermal Doppler
Broadening. This broadening increases with increasing thermal velocities for the
electrons, which in turn depend on the coronal temperature. This phenomenon could be
expected to cause all the narrow absorption lines, as evident in figure (2.1), to smooth
into a continuum upon incidence with the coronal electrons. However weak depressions
are still expected in the vicinity of the deep Fraunhofer lines thus smoothening the small-
scale depressions while preserving the large-scale depressions. This near-total
obliteration of the deep Fraunhofer lines by the thermal Doppler broadening served as
one of the first clues for a hot corona. From equation (2.1) and equation (2.2) it is
evident that the extent of smoothening (AA ) is related to the coronal temperature (T) by

equation (2.3).

AL ~ AT (2.3)
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Once the radiation is incident on the electrons the scattering process is
independent of wavelength and equal numbers of photons are scattered forwards and
backwards. That is the scattering is coherent in the rest frame of the electrons. Since the
scattering source itself is in thermal motion the radiation reaching the observer is
Doppler shifted. In addition to the thermal velocity the coronal electrons may also

acquire velocity due to turbulence.

2.5  The K-coronal spectrum

The photospheric radiation scattered off the free coronal electrons is known as the
K-coronal radiation. Cram (1976) presented a physical model for the formation of the K-
corona based on the Thomson scattering of the photospheric radiation by the free
electrons in the solar corona. In figure (2.2) a schematic drawing of Cram’s model is
shown. Here a known electron density distribution, determined by other independent
means, is assumed for all positions along the line of sight. The normal to the line of sight

from the center of the sun is at a distance (p ).

Each point on the line of sight has certain number of electrons and is subject to
collisions with photons that make up the photospheric spectrum. The electrons at a
particular point on the line of sight are exposed to the same photospheric spectrum from
all the points on the solar surface that they see and are subjected to Thomson scattering.
However the photospheric radiation incident on these electrons are also subjected to the

limb-darkening effect. That is the brightness of the incident radiation is decreased as the
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radiation from the edges travel through thicker and thicker levels on the solar atmosphere
to reach the electrons. The limb darkening is wavelength dependent. The limb-darkening

effect is most noticeable in the visible wavelength region.

The thermal Doppler broadened scattered radiation observed by an observer on
earth, due to Thomson scattering, is the accumulation of all the radiation that is scattered
in the direction of the line of sight of the observer by all the electrons lying along the line

of sight.

S
N
S
\

s

SPE - Plane of scattering

Figure (2.2). The photospheric radiation is emitted from a point S
on the surface of the sun. The electrons at point P in the corona
scatter some of the incident radiation towards a terrestrial
observer at E, which is known as K-coronal radiation.
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Figure (2.3) shows a modeled spectrum for the scattered wavelength for an
independently measured electron number density, given by equation (5.7), along the line
of sight at 1.1 solar radii from the center of the sun. Here an isothermal corona was

assumed and the plot shows models for different isothermal coronal temperatures.
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Figure (2.3). This plot shows the modeled K-coronal
intensity spectra against wavelength. The composite plots
are for different isothermal temperatures assumed for the
solar corona for a given line of sight at 1.1 solar radii.

As predicted in section (2.3) the modeled K-coronal intensity spectrum, as
depicted in figure (2.3) for a line of sight at 1.1 solar radii, is very much smoother than
the shape of the radiation incident on the coronal electrons. From the shape of the

incident radiation spectrum, as is shown in figure (2.1), the vertical spread in the intensity
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reflects the existence of millions of narrow absorption lines together with wide absorption
lines. These millions of narrow lines in the incident radiation have been completely
washed away, as revealed in figure (2.3), giving rise to a continuous spectrum. However

the large-scale depressions are preserved.

Figure (2.4) and figure (2.5) show the modeled K-coronal intensity spectra for

lines of sight at 1.3 and 1.5 solar radii, respectively.
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Figure (2.4). Modeled K-coronal intensity spectrum against
wavelength for different isothermal coronal temperatures for
a given line of sight at 1.3 solar radii.
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Figure (2.5). Modeled K-coronal intensity spectrum against
wavelength for different isothermal coronal temperatures
for a given line of sight at 1.5 solar radii.

From these modeled K-coronal intensity spectra for lines of sight at different

heights off the solar limb, as depicted in figure (2.3), figure (2.4) and figure (2.5), Cram

(1976) made two very important observations.

(a) The existence of temperature insensitive nodes in the K-coronal intensity spectra

for various isothermal coronal temperatures.

(b)

scale for lines of sight at various heights above the solar limb.
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From the above two properties for the K-coronal spectrum it is now possible to
implement a temperature diagnostic scheme for the measurement of the coronal
temperature by means of measuring the K-coronal intensity spectrum. For this purpose
suitable intensity ratios have to be determined at wavelength positions where sufficient
temperature dependent parameterization of the shape could be considered. In this regard,
from figure (2.3)-(2.5), it is evident that the suitable wavelength positions occur at 3850.0
angstrom and 4100.0 angstroms, respectively, which are also anti-nodes. Figure (2.6) is a
plot of the K-coronal intensity ratios at 3850.0 angstrom to 4100.0 angstrom, from the K-

coronal models for different isothermal coronal temperatures, against the temperatures.
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Figure (2.6). This is a plot of the K-coronal intensity
ratios at 3850 .0 to 4100.0 angstroms against the
assumed isothermal coronal temperatures. The ratios
were calculated from the modeled K-coronal spectra for
different temperatures shown in figure (2.3). These
values pertain to a line of sight at 1.1 solar radii.
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It is apparent from figure (2.6) that the coronal temperature could be determined by
measuring the K-coronal intensity ratio at 4100.0 to 3850.0 angstroms from an observed
K-coronal spectrum. Also from figure (2.6) it can be shown that if the above K-coronal
intensity ratio could be determined within uncertainty of * 1.0% then the coronal
temperature could be inferred within an uncertainty of * 0.2 MK. However it is
unfortunate that the intensity measurement at 3850.0 angstrom lies in the blue end of the
spectrum, which is subject to atmospheric absorption. This requires special chemical
coated optics for signal enhancement. Below 3700.0 angstrom difficulties arise from the
wavelength dependent atmospheric extinction while above 4700.0 angstrom the spectrum

becomes relatively temperature insensitive.

The feasibility of this method for the determination of the electron temperature in the
solar corona, as first suggested by Cram (1976), was demonstrated by Ichimoto et al.
(1996). Ichimoto et al. (1996) used a slit spectrograph for spectroscopic observation on
the solar corona during the total solar eclipse of 3 November 1994 in Putre, Chile. By
isolating the K-coronal spectra form the observed total coronal spectra temperatures of
1.07 MK and 1.71 MK were determined for the base of a coronal hole and a streamer,
respectively. They also reported cirrus covering of the sky during the totality, which had

caused some difficulties in the analyses.
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2.6  Further explanation for the formation of the temperature sensitive anti-

nodes

To adequately answer the reason for the formation of the temperature sensitive
anti-nodes three simple intensity profiles are considered as input intensity spectra in order
to understand the scattered intensity spectra produced by the theory. Figure (2.7) shows
an absorption line centered at 4000.0 angstrom with a FWHM (Full width at half
maximum) of 40.0 angstrom on an otherwise uniform continuum. In this example the
intensity spectrum shown by figure (2.7) is assumed to be the sun spectrum as observed

from earth.
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Figure (2.7). An input intensity spectrum containing an
absorption line centered at 4000.0 angstrom with a
FWHM of 40.0 angstrom in an otherwise uniform
continuum.
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Figure (2.8) shows the theoretical scattered K-coronal intensity spectrum for an
input spectrum given by figure (2.7). This intensity spectrum was obtained by allowing to
be scattered off the coronal electrons. The theory assumes an isothermal corona of
temperatures 0.5 MK. 1.0 MK, 1.5 MK and 2.0 MK. The essential feature observed in
the scattered intensity spectrum is that the smearing of photons by coronal electrons fills
in the deepest absorption thus making the absorption at the line center shallower. This
smearing process increases with increasing temperatures, which in essence increases the
Thermal Doppler Broadening as given by equation (2.2). The essential point is that the
intensity of radiation at line center increases as the temperature of the scattering electrons

increases.
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Figure (2.8). The theoretical scattered intensity spectrum
by the coronal electrons for an input spectrum given by
figure (2.7). The theory assumes an isothermal corona.
The plots show that the smearing of the absorption line in
the scattered increases with increasing temperatures.
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In figure (2.8), the gradient d(Intensity)/d(Temperature) is positive at line center.
In order to ascertain the behavior for an input intensity spectrum with two identical
absorption features consider figure (2.9) where two strong absorption lines are centered at

400.0 and 4500.0 angstroms in an otherwise uniform continuum.
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Figure (2.9). An input intensity spectrum containing two
absorption lines centered at 4000.0 and 4500.0 angstroms
with a FWHM of 40.0 angstrom in an otherwise uniform
continuum.

Figure (2.10) shows the theoretical scattered K-coronal intensity spectrum for an
input spectrum given by figure (2.9). Here we see that whereas the centers of absorption
lines are filled in more and more as the temperature increases, the continuum between the
line centers become progressively fainter as temperature increases. Therefore, at
wavelength between the two lines (4100 — 4400 angstroms), the intensity of the

contintum has a gradient d(Intensity)/d(Temperature) which is negative. This is in
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striking contrast to the positive gradient d(Intensity)/d(Temperature) at line centers. It is
this different behavior between line and non-line intensities that gives rise to anti-nodes,
and provides the basis for Cram’s method. The reason for the difference in the depths of

the absorption lines is due to the effect of the temperature dependent limb-darkening

coefficient.
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Figure (2.10). The theoretical scattered intensity spectrum by the
coronal electrons for an input spectrum given by figure (2.9). The
theory assumes an isothermal corona. The difference in the depths of
the absorption lines in the scattered spectrum is due to the wavelength
dependent limb-darkening coefficient.
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Now consider the implications of introducing an emission line between the two
absorption lines in an otherwise uniform continuum as shown in figure (2.11). Here the
absorption lines are centered at 4000.0 and 4500.0 angstroms while the emission line is
centered at 4250.0 angstrom with both the absorption and the emission lines with a
FWHM of 40.0 angstrom. Figure (2.12) shows the theoretical scattered K-coronal

spectrum for an input spectrum given by figure (2.11).
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Figure (2.11). An input intensity spectrum consisting of two
absorption lines centered at 4000.0 and 4500.0 angstroms while
an emission line centered at 4250.0 angstrom and with a
FWHM of 40.0 angstrom for the absorption and emission lines
in an otherwise uniform continuum.

33



Modeled scaottered intensity vS wavelength
o080 T T T I T T T i T T T I T T T I T T T T T T

W km/oec 0000033
T Mk 0500000

0.070 rhe SR 110003

0.060

0,050

erq s/sec.cmz.hngs.ste radians

0.040

0.030

3600 3800 4000 4200 4400 4600
angstroms

5=
[+3]

a0

Figure (2.12). The theoretical scattered intensity spectrum by the
coronal electrons for an input spectrum given by figure (2.11). The
theory assumes an isothermal corona. The difference in the depths
of the absorption lines in the scattered spectrum is due to the
wavelength dependent limb-darkening coefficient.

With the introduction of the emission line it is evident that in the scattered K-
coronal intensity spectrum, as shown in figure (2.12), the absorption lines become
shallower while the emission line peak becomes reduced in strength. This again gives rise
to the intensity on one side of the node to decrease while the intensity on the other side
increase. In analogy, when the input spectra of the examples shown in figure (2.7), figure
(2.9) and figure (2.11) are substituted by the photospheric spectrum the dips in the
photospheric  spectrum are progressively filled in while the higher points are

progressively reduced, giving rise to anti-nodes. This is true of an integral over
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wavelength of the product of the photospheric spectrum and a Gaussian kernel whose

half-width lies in the range of 50 — 200 angstroms.

In the solar spectrum, the anti-nodes in the wavelength region 3900 — 4500
angstroms owe their existence mainly to two wide and strong absorption features: (1) a
pair of lines labeled H and K by Fraunhofer at 3968.5 and 3933.7 angstrom, respectively;

(2) the combined effects of the Fraunhofer G band at 4300 - 4320 angstroms and the

Fraunhofer feature H, at 4340.5 angstrom. The G-band is a collection of closely spaced

absorption lines predominantly due to the diatomic radical CH and iron.

In essence, the uniqueness of the spectral region around 4000 angstrom for the
formation of the anti-nodes arises from the following coincidences. On the one hand, the
H and K lines happen to provide essentially a single absorption feature with a width of
tens of angstroms. On the other hand, the only molecular band that contributes
significantly to the visible solar spectrum (the G-band: almost 100 detectable lines within
a range of 60 angstroms) happen to lie within a few tens of angstroms of a strong atomic
line H,. Both of these strong absorption features are readily identifiable in the low-
resolution solar spectrum shown in figure (2.13): the figure is taken from Cram (1976)
with his theoretical K-coronal spectra superposed. Note that in low-resolution, the solar
photospheric spectrum between 4000 and 4300 angstroms has corrugations that give the

impression of “quasi-emission lines”. For this reason, when we were modeling the
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scattering of synthetic solar spectra above, as shown in figure (2.11), we included an

emission feature between the two absorption lines.

Are there any other parts of the solar spectrum that might be useful to test Cram’s
idea? It seems unlikely. If we go shortward in wavelength from 3800 angstrom, the solar
flux becomes rapidly so low that it is difficult to obtain adequate signal to noise ratio.
And if we go to longer wavelengths we do not find pairs of strong absorption features
that are wide enough to remain detectable when we smooth them by many tens of

angstroms.

The difference in the intensity of the photospheric spectra given by figure (2.1)
and figure (2.13) is due to the units of measurement. In figure (2.1) the photospheric
intensity in given in units of ergs/sec.cm?.angstrom while in figure (2.13) the intensity is
given in units of ergs/sec.cm’angstrom.steradians. To reconcile the photospheric
intensities between figure (2.13) and figure (2.1) the latter needs to be divided by the
solid angle of the sun’s disk, which is 6.8x107°. The differences in the intensities of the
K-coronal spectra, given by figure (2.3) and (2.13), owe to the different electron number

density profiles and the line of sight chosen for the analyses.
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Figure (2.13). This figure shows the theoretical K-coronal
intensity spectra for four isothermal coronal
temperatures whose electron density is given by equation
(5.8). The absolute intensity of the disk center
photospheric spectrum is also shown. The vertical bars at
the bottom of the figure indicate the relative strengths of
the three coronal lines “c”’, and nine flash spectrum lines
“f”.

Reproduced from Cram (1976).
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2.7  The influence of the solar wind on the K-coronal spectrum

The solar wind is an inherent property of the hot solar corona, a constant outflow
of gas into interplanetary space. There the coronal electrons in the vicinity of the solar
limb can be assumed to have a bulk outflow velocity equivalent to the solar wind
velocity. In the vicinity of the sun this flow is radial and begins to take a spiral pattern at
large distances, which is attributed to the rotation of the sun. However these flow

velocities are latitude dependent with the fastest outflows occurring in the coronal holes.

Figure (2.14) is a schematic diagram to explain the redshift induced on the K-
coronal spectrum by the radially outflowing coronal electrons due to the solar wind. For
the illustration of the above consider three electrons located at positions 1,2 and 3 on the
line of sight. All three electrons are embedded i a radially directed out flow: the
magnitude of the outflow velocity is the same at three electrons, but the velocity vectors
point in different directions. Electrons 1 and 3 are symmetrically located on either sides
of electron 2 while electron 2 is located at the closest point on the line of sight to the
center of the sun. Since they are all moving away from the sun the photospheric radiation
incident on these electrons are redshifted in the frame of reference of the electrons.
Furthermore, for Thomson scattering, the photospheric radiation scattered off these
electrons is wavelength independent in the reference frame of the electrons and they
scatter a fraction of this incident radiation along the line of sight of the observer. In
figure (2.14), the electrons 1 and 3 have common line of sight velocity magnitudes, away

and towards the observer, respectively. This allows for the scattered radiation off
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electrons 1 and 3 to be red and blue shifted, respectively, in the frame of reference of the
observer, thus rendering a canceling effect on the observed radiation from these two
electrons. However the line of sight velocity of electron 2 is zero, which simply scatters
the redshifted radiation incident on it without causing anymore wavelength shifts. Thus
the Doppler shifting of the radiation scattered by these three electrons is dominated by the
effect due to electron 2, which is an overall redshifting of the scattered radiation along the

line of sight.

Figure (2.14). This is a schematic drawing to illustrate the redshifting
of the photospheric radiation scattered off the coronal electrons,
which are radially flowing away from the sun at a uniform velocity
(w). Electron 2 is located at the closest point on the line of sight to the
center of the sun. Electrons 1 and 3 are located symmetrically on
either sides of electron 2.
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The magnitude of this redshift on the K-coronal spectrum for an incident radiation
of 4000.0 angstrom on the coronal electrons with an outflow velocity of 300.0 km/sec in
a million degree Kelvin Corona is, from equation (2.2), ~4.0 angstrom. Figure (2.15)is a
reproduction of figure (2.1) with horizontal bars to emphasize the magnitude of the
thermal Doppler broadening and the redshift associated with the solar wind velocity. For
this illustration these quantities are calculated for an incident wavelength of 4000.0
angstrom on the coronal electrons, which are radially outflowing at a velocity of 300.0

km/sec in a million degree Kelvin corona.
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Figure (2.15). This figure shows the scale of the thermal
Doppler broadening and the redshift associated with the
solar wind velocity in the wavelength scale in comparison to
the features of the photospheric spectrum. The scale of the
redshift is shown by a red dot, which is highlighted by a
circle. This comparison is made for an incident wavelength
of 4000.0 angstrom on the coronal electrons, which are
radially outflowing at a velocity of 300.0 km/sec in a million
degree Kelvin corona.
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The effect of the solar wind velocity in the model for the formation of the K-
corona was considered to be negligible by Cram (1976). However an interesting
additional property was revealed by the inclusion of a constant radial solar wind velocity
to Cram’s model. That is the temperature insensitive nodes, which were observed by
Cram (1976), were now observed to shift in wavelength positions with increasing solar
wind velocity while maintaining the remarkable independence of the nodal positions with
height above the solar limb. Figure (2.16) and figure (2.17) are K-coronal intensity
models for different isothermal coronal temperatures at a line of sight at 1.1 solar radii
with assumed radial solar wind velocities of 400.0 km/sec and 800.0 km/sec,

respectively.
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Figure (2.16). Modeled K-coronal intensity
against wavelength for different isothermal
coronal temperatures, for line of sight at 1.1
solar radii and a wind velocity of 400.0 km/sec.
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Figure (2.17). Modeled K-coronal intensity
against wavelength for different isothermal
coronal temperatures, for line of sight at 1.1
solar radii and a wind velocity of 800.0 km/sec.

Comparing figure (2.16) and figure (2.17) with figure (2.3), which is a K-coronal
model for zero wind velocity, it is evident that the temperature insensitive nodes shift in
wavelength positions with increasing solar wind velocities. This newfound physical
property pertaining to the shifting in the wavelength positions of the temperature
insensitive nodes with increasing solar wind velocities can be utilized to construct wind

sensitive diagnostics.
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Figure (2.18) is a plot of the K-coronal intensity model for different wind
velocities ranging from 0.0 km/sec to 900.0 km/sec in intervals of 100.0 km/sec for an
isothermal coronal temperature of 1.0 MK with the line of sight at 1.1 solar radii. It is
evident from figure (2.18) on the existence of a wind insensitive node at 4233.0 angstrom
with the maximum spread in intensity (anti-node) at 3987.0 angstrom. This property

holds for other isothermal coronal temperatures and heights above the solar limb too.
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Figure (2.18). Modeled K-coronal intensity against
wavelength for solar wind velocities of 0.0 km/sec to 900.0
km/sec in intervals of 100.0 km/sec, for line of sight at 1.1
solar radii and an isothermal coronal temperature of 1.0 MK.
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Thus the summary of the theoretical observations on the modified version of the Cram’s

model, with the inclusion of the solar wind velocity is,

(a) The existence of temperature sensitive anti-nodes at certain wavelengths in the K-

coronal intensity spectrum provides a meaningful temperature diagnostics.

(b) The wavelengths of the anti-nodes are remarkably independent of heights above

the solar limb.

(©) The simultaneous existence of nodes in the spectrum, where temperature effects
are negligible, enables us to develop a diagnostic of wind speed that is more or less

independent of temperature.

2.8  Simultaneous determination of the coronal temperature and the solar wind

velocity

From the theoretical properties observed from the modified Cram’s model it is
evident on the existence of both temperature and wind diagnostics. Figure (2.19) is a plot
of the intensity ratios at the anti-nodes 3850.0 to 4100.0 angstroms against isothermal
coronal temperatures for a range of solar wind velocities from 0.0 km/sec to 900.0 km/sec
and with the line of sight at 1.1 solar radii. It too reveals the feasibility of the coronal
temperature measurement within an uncertainty of = 0.2 MK if the above intensity ratio

at the anti-nodes 3850.0 to 4100.0 angstroms could be experimentally determined within
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an uncertainty of £ 1.0 %. The width at the low end of the temperature range is ~0.02

MK over a wind velocity range of 0.0 km/sec to 900.0 km/sec.
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Figure (2.19). The intensity ratio at 3850.0 to 4100.0
angstroms against isothermal coronal temperatures for a
range of solar wind velocities with the line of sight at 1.1
solar radii. The horizontal spread in the low end of the
temperature scale is ~0.02 MK over the velocity range of
0.0 km/sec to 900.0 km/sec.

Figure (2.20) is a plot of the intensity ratios of the wind sensitive anti-node at
3987.0 to the wind insensitive node at 4233.0 angstroms against solar wind velocities for
a range of isothermal coronal temperatures with the line of sight at 1.1 solar radii. The
solar wind velocity can be determined by first determining the temperature from figure

(2.19) and then by plotting in figure (2.20) the intensity ratios of the wind sensitive anti-
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node at 3987.0 to the wind imsensitive node at 4233.0 angstroms against the wind
velocities at this temperature. Here the solar wind velocity measurements are highly
sensitive to the wind-sensitive intensity ratio measurements. An uncertainty of £ 1.0 %
in the wind-sensitive intensity ratio measurements can cause an uncertainty of = 200.0

km/sec at 0.50 MK. This uncertainty increases with increasing coronal temperatures.
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Figure (2.20). The intensity ratio at 3987.0 to 4233.0
angstroms against solar wind velocities for a range of
isothermal coronal temperatures with the line of sight at
1.1 solar radii. To determine the wind velocity, first the
temperature has to be determined from figure (2.19).
Then the K-coronal models need to be created for a
range of wind velocities at this temperature and plotted
in figure (2.20).

46



2.9 Global determination of the coronal temperature and the solar wind velocity

In section (2.7) a methodology was developed to simultaneously determine both
the coronal temperature and the solar wind velocity from the same wavelength dispersed
K-coronal intensity spectrum. That is, by measuring the intensity ratios at 3850.0
angstrom to 4100.0 angstrom and 3987.0 angstrom to 4233.0 angstrom, from the
observed K-coronal spectrum. The former is termed the, ‘temperature-sensitive’
intensity ratio, which allows for the temperature measurements from figure (2.19). The
latter is termed the, ‘wind-sensitive’ intensity ratio, which allows for the wind
measurements from figure (2.20). However for the wind measurement, further theoretical
K-coronal models need to be created for various wind velocities using the measured
temperature as the isothermal coronal temperature. From these models the wind-sensitive
intensity ratios are plotted against the wind velocities assumed for those models in figure
(2.20). Now by calculating the wind-sensitive intensity ratio from the observed K-

coronal spectrum its corresponding wind velocity can be obtained.

In order to extend this measurement globally on the solar corona the wavelength
dispersed K-coronal intensities need to be measured simultaneously and globally on the
solar corona. Chapter-3 explains an instrument designed for simultaneous and global
measurement of the wavelength dispersed coronal intensity spectra from multiple
locations on the solar corona. Chapter-4 discusses the results from the very first attempt

to measure both the coronal temperature and the solar wind velocity, simultaneously and
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globally, on the solar corona. This experiment was performed during the total solar

eclipse of 11 August 1999 in Elazig, Turkey.

2.10 The essence of this dissertation

In this dissertation the influence of the solar wind velocity was added to the
Cram’s model to search for both coronal temperature and solar wind velocity diagnostics.
Based on the feasibility for the measurement of the coronal temperature and solar wind
velocity diagnostics, form a single spectroscopic observation of the solar corona, an
instrument was designed that would globally and simultaneously measures both these
quantities at twenty different locations on the solar corona (Reginald & Davila, Paper I,
2000). The very first experimental effort was carried out in conjunction with the total
solar eclipse of 11 August 1999 in Elazig, Turkey and the results were analyzed to obtain
both the coronal temperatures and the solar wind velocities at multiple locations

(Reginald & Davila, Paper 11, 2000).
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Chapter 3

THE INSTRUMENT

3.1  Overview of the instrument
Basically, the instrument designed was a spectrograph to obtain coronal spectra of

the solar corona during the total solar eclipse of August 11, 1999,

However this design incorporated a new feature in the way the light was collected
and fed to the spectrograph in obtaining spectra. The exception from the usual slit-based
spectrograph was that light was collected at the focal plane of the telescope via fiber
optics. The fiber optic tips at the focal plane of the telescope were positioned at various
latitudes and radii on the image of the sun formed on the focal plane of the telescope

during the solar eclipse. This method served two very important purposes.

1. This way the instrument was able to obtain simultaneous coronal spectra from

different latitudes and radii on the solar corona.
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2. Also as a complimentary the telescope was spared the task of carrying the weight of
the spectrograph. This was because they were detached systems connected via fiber

optic cables.

In essence the instrument was composed of three vital components.

1. The telescope imaged the sun during the eclipse on the focal plane of the telescope.

2. The fiber optic tips, positioned at various latitudes and radii on the sun’s image on the

focal plane of the telescope, carried the coronal light to the spectrograph.

3. The spectrograph produced simultaneous spectra from the light received by the

individual fibers.

The telescope used in this experiment was a Schmidt-Cassegrain telescope with a
primary mirror diameter of 12-inches and a focal ratio of 10.0. A focal reducer was
attached to reduce the focal ratio to 6.3. Schmidt-Cassegrain telescopes by design are free
from coma, spherical aberration and astigmatism. The telescope also contained auto-
tracking capability. Figure (3.1) is a picture of the telescope used in this experiment and
produced by the Meade Corporation. Figure (3.2) is a picture of the focal reducer
attached to the back end of the telescope that increased the field of view by 56.0 % at the

expense of lowering the magnifying power by 36.0 %.
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At the focal plane of the telescope was a glass plate embedded with twenty-one fiber
optic tips with ten each spread in equal angles in a circular loop corresponding to 1.1 and
1.5 solar radii on the sun’s image and one at the center of the frame. The one in the center
of the frame was used to record the background signal using the lunar shadow during the

eclipse. Another four fibers were attached to a mercury calibration lamp.

Figure (3.1). Meade 12-inch, F/10.0 Schmidt-
Cassegrain telescope with auto tracking
capabilities.
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Figure (3.2). F/6.3 focal reducer reduces the focal length by a
factor of 0.63. The device shown in figure (3.4) was placed at
the focal plane behind the F/6.3 focal reducer.

Figure (3.3) shows a schematic of the glass plate, as it would appear when the sun is
in focus. Figure (3.4) shows the picture of the fiber optic tips embedded on the glass
plate. The front end of the glass plate, where the fiber ends were exposed to the coronal
light, was roughened with the back end smoothened. This allowed for the focusing of the
sun prior to the eclipse on the front end of the glass while observing the image going in
and out of focus from the back end. The fiber in the center was to record the background

signal during the eclipse.
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) Fiber optic tips
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Figure (3.3) A drawing depicting the location of the fiber tips on
the image plane of the telescope. The inner and outer rings are at
1.1 and 1.5 solar radii, respectively. During the eclipse the lunar
shadow replaces the sun.

In figure (3.4) is the glass plate imbedded with twenty-one fibers that was placed
at the focal plane of the telescope. The coronal light entering the fibers, which were
located at the focal plane of the telescope and shown in figure (3.4), were all vertically
aligned at the other end. The other end substitutes the position of the slit in a slit-based
spectrograph. This slit, made up of multiple fibers at regular spacing between neighbors,
was placed at the prime focus of the collimating lens of the spectrograph. In figures (3.5)

and (3.6) are images of the spectrograph.
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Fiber optic link to the telescope

Fiber optic link to the spectrograph
where the fibers are vertically aligned

Figure (3.4). The glass plate imbedded with twenty-one fibers. The inner
and the outer circles are located at 1.1 and 1.5 solar radii, respectively, on
the image plane of the sun. The fiber at the center was to record the
background signal during the eclipse.

From figure (3.5) it is apparent that, apart from the capability of this setup to
simultaneously produce spectra, this methodology also allowed for the telescope and the
spectrograph to be two independent units connected via light fiber optic cables. This is
not possible in a slit-based spectrograph. In such a case the spectrograph needs to be
attached to the back end of the telescope with the slit at the focal points of both the
telescope and the collimating lens of the spectrograph. The purpose of the collimating

lens is to transmit collimated light to the diffraction grating for dispersion.
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Fibers to the mercury calibration lamp

Figure (3.5). This is a picture of the spectrograph. The coronal light was fed
into the spectrograph by twenty-one fibers that were vertically arranged at a
regular spacing. Its location in the spectrograph was at the focal point of the
collimating lens.

Figure (3.6) shows the inside of the spectrograph between the grating and the
camera lens that focuses the dispersed light to the camera in the backend. The
spectrograph body contained many features that made it light tight from stray light that
could have found its way into the spectrograph. Also the setscrews ensured that the many

parts of the spectrograph fitted in place during assembly as a single unit.
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Baftling to stop higher orders

Transmission grating

Camera aligned for first order

Figure (3.6). This is a picture of the inside of the spectrograph between the
grating and the camera lens. Baffling were used to prevent all orders but the
first order from entering into the camera lens.

In figure (3.7) is a picture of the CCD camera that was used in this experiment to
record the light dispersed in the first order in the wavelength region of 3500.0 to 4500.0
angstroms. A thermoelectric cooler cooled the CCD device. Baffling were placed to
restrict only the dispersed light in the first order from entering the camera. All the other
orders were subjected to multiple reflections within the saw-tooth shaped grooves in the

baffles for absorption by the black-coated baffling material.
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Thermoelectrically cooled CCD camera

Figure (3.7). This is a picture of the thermoelectrically cooled CCD
camera used in the experiment. The front end housed the camera lens
that focused the dispersed light from the grating on to the camera.

As a general overview of the instrument the following could be said. The
telescope imaged the eclipsed sun on to a glass plate containing twenty-one fibers, which
was located at the focal plane of the telescope. The fibers picked up the light from
various locations on the sun’s corona and the moon’s center. This light was fed to a
spectrograph via the fiber optic cables. Then the grating simultaneously dispersed lights
from all the fibers. The camera located at the backend of the spectrograph recorded the
dispersed light in the first order in the wavelength region of 3500.0 to 4500.0 angstroms.
In view of this instruments ability to record simultaneous spectra it was deemed
appropriate to name this system the Multi Aperture Coronal Spectrometer with the

acronym (MACS).

57



3.2 Description of the optical elements in detail
In the following subsections all the optical elements of MACS will be discussed

in details.

3.2.1 The telescope

The telescope used in MACS was a 12-inch F/10.0 Schmidt-Cassegrain
manufactured by the Meade Corporation. The f-number was reduced to F/6.3 using a
focal reducer in order to increase the plate scale. The LX200 model used in MACS also
featured auto tracking and a super wedge for polar alignment. By design the Schmidt-
Cassegrain type telescopes eliminate image distortion due to coma, spherical aberration
and astigmatism, which are explained below. These optical systems are also called
anastigmats and consist of at least three optical elements. A Schmidt-Cassegrain
telescope consists of a concave and convex mirrors as the primary and the secondary,

respectively, and a thin aspheric corrector plate in the front.

Spherical aberration: Parallel rays are not brought to a focus at a point, but

along a line. Therefore off-axis rays are brought to a focus closer to the lens than are on-

axis rays.

Coma: Off-axis rays do not quite converge at the focal plane, thus rendering oft-

axis points with tails, reminiscent of comets, hence the name.
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Astigmatism: Rays of different orientations having different focal lengths
resulting in the distortion of the image. Rays of light from horizontal and vertical lines in
a plane on the object are not focused to the same plane on the edges of the image. Oft-
axis points are blurred in their radial or tangential direction, and focusing can reduce one

at the expense of the other.

The plate scale (P) of the telescope is defined as the spatial area seen in the sky,
which is measured in arcseconds, corresponding to the spatial scale in the focal plane of

the telescope, which is measured in micrometers and shown in figure (3.8).

Primary mirror
diameter D

Figure (3.8). Schematic drawing on the image formation by the
primary mirror of the telescope.
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From figure (3.8) the expression for angle A is given by equation (3.1).

Tan(A) = 2 3.1
F

Since (A) is a small angle, expressing (A) in radians, where (Tan (A) = A), and then

converting radians into arcseconds, where (1 radian = 206265) arcseconds, gives the

following expression for (A), as shown in equation (3.2).

_206265xD (3.2)
F

A

From the definition of the plate scale (P) it could be written as shown in equation (3.3).

p_A (3.3)
D
_ 206265xD/F

D
206265

F
Dx—

D
206265

DxF /#

arcseconds/im
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Substituting for the diameter of the primary D in um (12-inch = 12X2.54 c¢cm =
12x2.54x10" wm) and the f-number of the telescope (F/# = 6.3) in equation (3.3) gives

the following value for the plate scale (P) as shown in equation (3.4).

P = 0.107 arcseconds/ um| (3.4

3.2.2 The fibers
The fibers linking the focal plane of the telescope and the spectrograph
were twenty-one fibers with four more connected to a mercury calibration lamp. Each of
these fibers was 1.0 m in length with a core diameter of 200.0 u m. Figure (3.9) shows the
transmission efficiency of the fibers, marked as UV/VIS, for the region of wavelength
interest which was from 3500.0 — 4500.0 angstroms. These fibers were purchased from

Oriel Corporation.
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Figure (3.9) Transmission efficiency of the fibers used in
MACS and marked as UV/VIS. The region of wavelength
interest in MACS was from 3500.0 —-4500.0 angstroms.

All optical fibers transmit light signals by total internal reflection. That is, if a ray

of light in a medium of refractive index ny strikes the interface with another medium of

refractive index n, (nz < nl) at an angle 6, and if© is greater than 6, the ray is totally

reflected back in to the first medium where 6 is given by equation (3.5).

0 :sin_l(nl/nz) (3.5)

c
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| Acceptance cone |

h-hieight of the cone
D-diameter of the cone

Za-acceplance angle of the cone

Figure (3.10). Schematic diagram depicting the light ray path at
the focal plane of the telescope into a fiber optic cable.

Figure (3.10) is a schematic drawing depicting the light ray path at the focal plane
of the telescope into a fiber optic cable. At point (A) applying the Snell’s law gives the
relationship between angles (a and o) and refractive indices (np and np) by equation

(3.6).

sin(a)xn, = sin(oc)x n, (3.6)

Now from triangle ABC the expression for angle 0 is given by equation (3.7).

0=90-0
~.sin(0) = cos(ar) (3.7)

= \[1 —sinz(oc)
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At the critical angle (6 = Gc) using equations (3.5), (3.6) and (3.7) the expression for the
acceptance angle (a) in terms of the refractive indices is given by equation (3.8).

(3.8

The sine of the acceptance angle (a) is defined as the numerical aperture (NA). Also from

figure (3.10), the expression for sin(a) is given by equation (3.9).

. D/2
sm(a) = W 3.9
1

h
D
1

2(F/#)

The fibers used in MACS have a high purity UV grade silica core and silica glass
cladding with a numerical aperture of 0.27. This corresponds to an acceptance cone angle

(2a) of 31.0 degrees and an f-number (F/#) of 1.9.

All the light rays entering the fiber within the acceptance cone is totally reflected
at the core-cladding boundary inside the fiber and the signal is transmitted to the other
end. That is, all light rays within the acceptance cone entering the fiber at an angle less
than the acceptance angle (a) strike the core-cladding interface at an angle greater than

the critical angle 6 . This fulfils the requirement for total internal reflection at the core-

cladding boundary.
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The f-number of the telescope used in MACS was F/6.3, which corresponds to an
acceptance cone of 9.1 degrees. However this value was much less than the acceptance
cone of 31.0 degrees for the fibers. Therefore all the light that was focused onto each of

the fibers at the focal plane of the telescope was expected to be transmitted.

The emergent cone form the other end of the fiber is dependent upon the input
illumination, the fiber properties and the layout of the fiber bundle. For long fibers, the
fiber properties dominate, while for short fibers (< 1.0 to 2.0 m) the input conditions
dominate. Since the fibers in MACS were 1.0 m in length the emergent cone was

expected to closely resemble the input conditions.

3.2.3 The lenses

The spectrograph contained two lenses of diameter 8.0 ¢cm each with f-
numbers F/3.9 and F/2.0. The former functioned as a collimator to collimate the light
given out by the fibers. This enabled the grating to receive collimated light for dispersion.
The latter acted as a focusing lens to focus the dispersed light on to the camera. Spindler
& Hoyer manufactured these achromatic lenses. An anti UV-reflective coating was
applied on the lens surfaces in order to enhance the transmission below 4000.0 angstrom.
Figure (3.11) shows the reflection properties for the anti UV-reflective coating. Very low
reflection ensures greater transmission. This was achieved with ARB2 UV chemical

coating.
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Figure (3.11). Reflection properties for the anti UV-reflective
coating on the collimating and the camera lenses used in the
spectrograph.
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3.2.4 The grating
The dispersing element used in MACS was a square transmission grating
of dimensions 6.0X 6.0 cm® with 6000.0 lines per cm and anti UV-reflective coating for
enhanced transmission. Figure (3.12) shows the transmission properties for the anti UV-

reflective coating. This grating was manufactured by American Holographic.

Efficiency

Wavelength »10* Angstrom

Figure (3.12). Transmission properties at normal incidence for the
anti UV-reflection coating on the transmission grating. Here the
back surface reflection is not considered. The substrate material is
fused silica. The black squares pertain to the grating used in
MACS.
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3.2.5 The camera
The camera used in MACS was a CCD camera with a back thinned SITE
512.0X512.0, 24.0um square chip and controlled with PMIS camera-control software.
PMIS contains a powerful command interpreter designed for automating repetitive or
complex actions. The camera can also be thermoelectrically cooled from 50.0° — 60.0° C
below ambient and was manufactured by Apogee Instruments, Inc. Figure (3.13) is a plot

of the quantum efficiency (QE) curve for the for the CCD chip in the camera.

LED Bensitivity
| COD chip used in MACS [ty [ [ 1 [
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Figure (3.13). Quantum efficiency (QE) curve for the back thinned SITE
512.0<X512.0, 24.0 um square chip used in MACS. This chip also featured
a full well depth in excess of 300,000.0 electrons, a dynamic range of ~ 90.0
dB and a readout time of ~ 5.0 seconds with an ISA card.
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Analytical expressions for the integration time, the spectral resolution and

33
the spatial resolution

Schematic diagram of MACS|

Number of pixels =1 « |

Pixel dimension =p < p
Well depth = WD
Quantum efficiency =QF
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Figure (3.14). Schematic diagrams of the optical components that make
up MACS and the parameters that determine the spatial and the

spectral resolutions.
Figure (3.14) is a schematic diagram of the optical components that contributed to

the operation of MACS and the physical parameters of the different components that

determined the spectral and the spatial resolutions. In MACS the fibers substituted for a

slit in a slit based spectrograph.
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Consider a single fiber of diameter (df) and approximate the circular end of the
fiber to a square of side (dy). The projected fiber width (w) and height (h) on the camera

focal plane are, respectively, given by equation (3.10) and equation (3.11).

4 f2 cos(B) (3.10)
o f_ cos(o)
1
f (3.11)
h=d| %
f
1

In equation (3.10) (B ) is the angle of incidence on the grating and is zero for normal

incidence, which is the case for MACS. The direction of the dispersion is along (w).

For normal incidence the grating equation is given by equation (3.12).

dsin(o) = mA (3.12)

In equation (3.12) (d) is the ruling density, (o) the diffraction angle, (m) the diffraction

order and (A ) the wavelength.
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Figure (3.15). Schematic diagram showing the projected width and
height of a single fiber on the camera plane.

Figure (3.15) is a schematic diagram showing the projected width and height of a single

fiber on the camera plane.
For collimated light incident on the grating the angular dispersion is given by

(do/d)), with the dispersion parallel to the rulings on the grating. Then the linear

dispersion is given by (f 5 X (do./dA) ) where (f,) is the focal length of the camera lens.
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Using equation (3.12) the angular dispersion (AD) and the linear dispersion (LD)

are given, respectively, by equation (3.13) and equation (3.14).

_do

T dn

. m

B dcos(a)

AD

LD Eﬂ
dA

do

=f.—

2 4

f2m

B dcos(a)

Figure (3.16). Schematic diagram of the dispersing element showing
the angular and the linear dispersions.
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Figure (3.17). Schematic layout of the slit spectrometer. In this diagram
collimated light is incident on the grating.

From figure (3.17) the height and width of the entrance slit (single fiber) subtend angles

o and ¢ on the sky and the collimating lens, respectively, and are given by equation

(3.15) and equation (3.16).

__p

O=7F (3.15)

o1 (3.16)
h
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If for the CCD detector the pixel width is (p) then it needs to be decided on how
many pixels are to be allowed to match the image width (w). The usual convention is to
consider a proper match to be one where two pixels cover the width (w). However in
situations constrained by, time, amount of light expected from the object to be studied,
transmission efficiency of the optics and resources available in obtaining the desired
optical components, the decision rests on the compromise between resolution and

allowing for sufficient transmission of light to the detector.

In the absence of such constraints, say (n) number of pixels are to be matched to
the image width (w), then from equations (3.10), (3.11) and (3.15) the expression for the

pixel width (w) is given by equation (3.17).

np=w

[fz Jcos(B) (3.17)
:df = f—

f, cos(oc)

_ (DF[ I, Jcos(B)

f cos
2 COS(B)
p d cos
fz COS(B)
Dy d, cos(ot)

In equation (3.17) the relationship (fi/dy = F/Dy) is used together with the physical
parameter for the beamwidth (dy) at the collimating lens, as shown in figure (3.17). Here

it is assumed that the grating diameter is at least (dy).

74



Consider the spectrometer slit of width (dy) illuminated with light of wavelengths
(A) and (A +dA). The slit image in each of these wavelengths will have a width (w) on
the detector. From equation (3.14) the separation between the centers of these two images

is given by equation (3.18).

—=_—dA (3.18)

Now defining spectral purity (0A ) as the wavelength difference for which
(Al = w), ensuring the images are just resolved. Substituting this condition in equation

(3.18) and also using equation (3.10) the spectral purity is given by equation (3.19).

(3.19)

W dcos(o)
f2m

dfdcos(B)
mf1

O\ =

where (3 =0) for collimated light incident on the grating. However it needs to be noted
that the expression for the spectral purity given by equation (3.19) cannot be smaller than
the spectral purity limit (OA ) set by diffraction. The resolving power (R) of a grating is

the ratio between the smallest change of wavelength that the grating can resolve and the

wavelength at which it is operating. The resolving power is given by equation (3.20).

R=— (3.20)
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The spectral purity (6%0) derived in equation (5.19) does not take into account

the limit on the image size set by diffraction. What follows here is the expression for

spectral resolution (6%0) and resolving power (Ro) limited by diffraction. The spectral
purity (OA ) cannot be smaller than (6%0) while the resolving power (R) cannot be

greater than the diffraction limited resolving power (Ry).

Figure (3.18). Schematic diagrams showing the diffraction limited spectral
resolution and the resolving power.
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From figure (3.18) the path difference (DO) between contributions from the center and

the edge of the grating is given by equation (3.21).

’

DO = L?sin(&x) (3.21)

Then the associated phase difference (& ) is given by equation (3.22).

2n
=—xDO
S A

= 2% sin(30) (3.22)

2 L'Z,
=X
A2,

The intensity distribution (Iz) at the focal plane, due to diffraction, is given by equation

(3.23).

1, :10% (3.23)

The first minimum of equation (3.23) is for (& ) given by equation (3.24).

g2 L7, (3.24)
TR
=T

From equation (3.14) two wavelengths that are differing by (6%0), with each

producing a diffraction pattern at the focal plane, as shown in figure (3.18), will be

displaced by (dl,) and given by equation (3.25).

f,m

ol, = S (3.25)
’ dcos(oc) ’
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The closest the two wavelength patterns could be without merging into each other

is given by the Rayleigh’s criterion. As depicted in figure (3.18) the two wavelength

patterns differing by (6%0) could just be resolved if the maximum of one pattern

coincides with the first minimum of the other. In this case (810 = Zo ). Substituting (Zo)

form equation (3.24) in equation (3.25) and from figure (3.18) using (L’ = Lcos((x))

gives the following expression for (6%0) given by equation (3.26).

Sk =2
Lm

Nm

A
0
A

where (N) is the total number of grooves in the grating.

The theoretical resolving power R is then given by equation (3.27).

R, =Nm
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The values for the physical parameters of the optical components in MACS are given in

equation (3.28) and table (3.1).

m=1.0

p=0°

N =3.6x10*

f, =31.0cm

f, =16.0cm
d=1.67x10"* mm
d; =200.0 um
pixel = 24.0 um
R, = 3.6x10*

(3.28)

Table (3.1). A table showing the values for the angle of diffraction, the linear
dispersion, the line width and the resolvable theoretical wavelength range for
three different wavelengths using the physical parameters of the optical
components used in MACS. In column 3 the reciprocal linear dispersion is
calculated per pixel, which is the dimension of a pixel in the CCD camera

used in MACS.
wavelength diffraction reciprocal spectral resolvable

angle linear purity theoretical

dispersion wavelength
A o, degree 1 2/ ixel S 1‘& range )
LD oA, A

3600.0 12.47 244 10.77 10.00
4000.0 13.86 243 10.77 9.00
4500.0 15.63 241 10.77 8.00
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The exposure time allowed to record the spectra is dependent on the source
brightness, the light collecting area, the transmission efficiency of the telescope-
spectrograph system, the slit dimension and the sensitivity of the detector. Consider a

source of brightness given by equation (3.29).

£, J oules/sec/cm'2/angs/steradians (3.29)

The flux received by the Schmidt-Cassegrain telescope is then given by equation (3.30).

f g X Joules/sec/angs/steradians (3.30)

where (Dp) and (Ds) are, respectively, the diameters of the primary and the secondary

mirrors of the telescope.

The flux through a single fiber at the focal plane of the telescope is then given by

equation (3.31).

D, -D |d, d
f, x n[%]?? Joules/sec/angs (3.31)

In equation (3.31), (d f /F) is the angle subtended by the height and width of a single

fiber on the sky and F the effective focal length of the telescope.
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Let (T,) be the wavelength dependent transmission efficiency of the telescope-

spectrometer combination.

The spectral flux received by a single pixel (E) is then given by equation (3.32).

2 2

D, by d_fd_fgxﬁ

X T, Joules/sec (3.32)
F F wh

E?x :fk XT

In equation (3.32) (w) and (h) are the projected fiber width and height on the detector and
given by equations (3.10) and (3.11), respectively, (0A ) the spectral purity and (p) the
dimensions of a square pixel. From equation (3.32) the number photons of wavelength

(A) and energy (h ¢/A) incident on a pixel per unit time (Nphotons) i then given by
p

equation (3.33) where (hp) and (¢) are the Planck constant and the speed of light,

respectively.

E 3.33
Nphotons =t Sec-l ( | )
h ¢/A

P
The basic detection mechanism of a CCD is related to the photoelectric effect
where the light incident on the semiconductor produces electron-hole pairs. These
electrons are then trapped in potential wells produced by numerous small electrodes. The
maximum number of electrons that could be contained in each a pixel is called the well

depth (WD). The quantum efficiency (QE) is the ratio of the actual number of photons

detected to the number of photons incident at a given wavelength (A ). If the time taken
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for a pixel to reach the well depth (WD) is (T) then the wavelength dependent integration

time (T) is given by equation (3.34).

h ¢/A

T=—2P" % (WD) seconds

" E, x(QE),

(3.34)

The physical parameters that are used in determining the integration time (T) are given in

equation (3.35).

D, =30.5 cm, D, =102 cm

d; =200.0 um, F =192.0 cm

p =24.0 pum, f; =31.0 cm

f, =16.0 cm, m =1.0

d=1.67x10"3 mm, o= sin_l[mTkj
0

B=0°, oA =10.77 A

¢=3.0x10% ms!

p
WD = 300,000

wed £, Yeos(B)
f f; cos(oc)’

0

QE(A =3600A) =0.32
0

QE(A =4000A) = 0.60

0
QE(A =4500A)=0.70

f
h:df 2
fl

h =6.63x10"** Joules/sec

(3.35)

The transmission effciency (T,) is a wavelength dependent parameter that

depends on the transmission efficiency of the collimating lens, the fibers, the camera lens

and the grating used in MACS and its wavelength dependent values are listed in table
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(3.2). The number of optical surfaces that contribute to the transmission efficiency are
listed in table (3.3). Table (3.4) gives effective transmission efficiency at different
wavelength by considering the wavelength dependent transmission efficiencies given in
table (3.2) and the number of optical surfaces through which the the light has to pass
before entering the detector and given in table (3.3). Table (3.5) gives the K-coronal

brightness at 1.1 and 1.6 solar radii at different wavelengths.

Table (3.2), The transmission efficiencies of the fibers, the lenses and the
grating for three different wavelengths. This information is from figure (3.9),
figure (3.11) and figure (3.12).

Wavelength Fibers Lenses Grating
Angstrom

3600.0 0.70 1.0 0.33
4000.0 0.90 0.99 0.32
4500.0 0.92 0.98 0.29

Table (3.3). The list of lenses and the associated number of surfaces through
which the incident light had to pass before entering the detector.

Optical element Number of surfaces
Corrector plate 2
Focal reducer 4
Collimating lens 4
Camera lens 4
CCD glass protector 2
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Table (3.4) The effective transmission effciency (7;") of MACS for the

wavelengths 3600.0, 4000.0 and 4500.0 angstroms. The values are based on the
information from tables (3.2) and (3.3).

Wavelength in angstrom | Effective transmission efficiency
T = Taper X Tionses X Tgrating (NS=number of surfaces)
3600.0 0.23
4000.0 0.25
4500.0 0.19

Table (3.5) The K-coronal brightness at 1.1 and 1.6 solar radii for three
different wavelengths during the solar maximum. The values were obtained
from Allen (1973) from pages 172 and 176. The units are in
ergs/sec/cm’/angs/steradians. (1 Joule=10 ergs)

Wavelength f, x10* f, x10™
Angstrom at 1.1 solar radii at 1.6 solar radii
3600.0 6.21 426

4000.0 8.71 5.99

4500.0 12.33 8.47

84




Substituting equation (3.32) in equation (3.34) the expression for the integration time (T)

is given by equation (3.36).

(hpc/?»)x (WD)

2_p? d. d p?
f, x| 22— L5 < X (QE
» 4 FF wh & Q)

seconds (3.36)

Using the values for the physical parameters from equation (3.35) and tables (3.4) and
(3.5) gives the following chart, as shown in table (3.6), for the lower limit of the

integration time (T) for the K-corona at 1.1 and 1.6 solar radii.

Table (3.6). Lower limit of the integration time for the K-coronal spectrum for
MACS based on equation (3.36).

Wavelength T in seconds T in seconds
angstrom at 1.1 solar radii at 1.6 solar radii
3600.0 122.0 177.0

4000.0 38.0 55.0

4500.0 27.0 39.0
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However the actual integration time will depend on the amount of light absorbed
by the various optical elements, the amount of light escaping the light collecting area of

the optical elements and further contributions from the F-corona.

As for the spatial resolution of MACS the width of a single fiber of 200.0 wm and
a plate scale of 0.107 arcseconds/um corresponds to a spatial scale of 21.4” (0.022 solar
radii). Taking the height of a single fiber as 200.0 um and from equation (3.11) the

projected height of the fiber on the spatial direction of the detector is given by equation

(3.37).
16.0cm
h = 200um x
" 31.0cm (3.37)
=103.23um

This corresponds to (103.23um/24.0um) 4.30 pixels in the spatial direction. Therefore

form the spatial scale per fiber and the projected height of the fiber given in equation

(3.37) the spatial resolution is given by equation (3.38).

214”7
4.30 pixels (3.38)
=4.98" / pixel

Spatial resolution =

~ 5.19x 103 solar radii / pixel
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34 Cost of the instrument

Table (3.7). Cost associated with the construction of MACS.

Item $ 000 Manufacturer
Telescope 6.79 Meade Corporation
Solar filters 1.02 Thousand Oak Optical
Fibers 4.05 Oriel Instruments
Collimating lens 1.39 Spindler & Hoyer
Camera lens 1.58 Spindler & Hoyer
Grating 2.35 American Holographic
CCD camera 10.5 Apogee Instruments
Camera software 0.60 PMIS
Computer 2.90 DPS 9000
GPS 0.41 Eagle Map Guide Pro
Glass base 0.45 United Glass Company
Spectrograph body 7.25 Lorr Company
Generator 0.77 Honda

Total 40.31
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Chapter 4

OBSERVATIONAL RESULTS AND ANALYSES

4.1  Observational site
The coronal intensity measurements on the total solar eclipse of 11 August 1999
were conducted by Lake Hazar in Elazig, Turkey. The totality at this location

(38°41'N, 039°14'E ) lasted for 124 seconds. The second contact was at ~ 11.36 GMT.

Also no clouds could be reported for the entire duration of the totality.

Figure (4.1) is a photograph of the total solar eclipse of 11 August 1999 taken
from the Black Sea area. From figure (4.1) it is evident that the coronal brightness was
almost uniformly distributed all around the sun. This was expected of the sun that was
approaching maximum phase in 2000. This photograph also reveals a detached
prominence in the southwest limb during the totality. Figure (4.2) depicts the path of the
eclipse where the maximum duration of the totality occurred in Romania. Figure (4.3)
shows the layout of MACS. The spectrograph lies on the metal box. The telescope,

CCD-camera, and the computer were powered from a portable generator.
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Figure (4.1). A photograph of the
August 1999 eclipse from the Black
Sea area. The photograph also reveals
a detached prominence eruption above

the southwest limb.
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Figure (4.2). A map showing the path of the

eclipse over Turkey.
Courtesy: NASA Reference Publication 1398
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Figure (4.3). A picture showing the layout of MACS and the telescope.
The telescope is on a polar mount and MACS is laid out on the metal box.

4.2  Spectra observed by MACS

Figure (4.4) shows the spectra due to the twenty-one fibers being exposed to the
sky and the remaining four fibers being exposed to the mercury calibration lamp in
Elazig, Turkey. The horizontal lines indicate the prominent absorption lines in the shy
spectrum and the four bright dots on the two ends correspond to the emission line at
4046.7 angstrom in the mercury calibration lamp. This information was used to determine
the wavelength scale and was determined to have a linear dispersion of 2.39

angstrom/pixel. The positions numbered from 1 to 4 are the locations corresponding to
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the temperature and the wind sensitive wavelength positions, which is explained in

chapter-2.

Lirsear ¢

Figure (4.4). The spectra from twenty-one fibers exposed to the sky
while four other fibers exposed to the mercury calibration lamp in
Elazig, Turkey.

MACS was exposed to the coronal light during totality for duration of 4.0, 18.0
and 83.0-seconds. Figures (4.5 a), (4.5 b) and (4.5 ¢) show the spectra recorded by
MACS for the above duration, respectively. Each vertical line corresponds to the
spectrum from a single fiber with a total of twenty-one vertical lines corresponding to the

twenty-one fibers located in the focal plane of the telescope.
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Figure (4.5 a, b, and c¢). The coronal spectra recorded by
MACS for the exposure times 4.0, 8.0 and 83.0 seconds,
respectively. Each vertical line corresponds to a spectrum
from a single fiber. It is also clear that five of the fibers
show emission lines.

4.3  Identifying the individual fiber location on the corona

Prior to the eclipse the sun was focused to the position identified by the moon
during eclipse, as shown in figure (4.6). A solar filter attached at the front end of the
telescope facilitated this process. The telescope was then allowed to track. Watching the
direction of movement of the sun’s image upon slewing the telescope due north and south
with the auto controls the fiber #19 was oriented at the position perceived to be the
earth’s South Pole. Its relation to the heliographic coordinates was determined from the

value listed for the P-angle for that day in, ‘The Astronomical Almanac 1999°.
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Figure (4.6) shows the envisaged location of the twenty-one fibers in the focal
plane of the telescope during the eclipse. However the envisaged location could have
drifted due to imperfect tracking or minute movements of the whole telescope structure
for not being anchored on hard ground. Time constraints and the remoteness of the
location compounded these problems. The term “envisaged” is emphasized because of
the incapability of MACS at the present state to simultaneously record the image. This

capability would have verified the exact location of the fiber rings during the eclipse.

Figure (4.6). This picture shows the envisaged location of the twenty-one
fibers in the focal plane during the eclipse. The inner and the outer rings
correspond to 1.1 and 1.5 solar radii, respectively. The picture is not the
actual eclipse on 11 August 1999. The fiber in the center was expected to
record the background signal.
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In order to identify the fiber orientation to a reasonable accuracy, some other
information shown in the coronal spectra was utilized. This task was further aided by the
very distinctive emission lines recorded in the spectra of five of the fibers as revealed in
figure (4.5 a), figure (4.5 b), and figure (4.5 ¢). These emission lines are most pertinent to
be from fibers exposed to prominence eruptions. Using imaging data at totality from
other space and ground based solar instruments that are dedicated to observe specific
solar features, it was now possible to infer the solar features that would have contributed

to the emission lines in those fibers and accordingly orient the fibers.

The fibers that show emission lines, going from left to right in figure (4.5 a),
figure (4.5 b), and figure (4.5 ¢), are the fibers numbered 22, 20, 19, 15 and 14 in figure
(4.6). All the emission lines of fiber #19 correspond to the signatures of a prominence.
Table (4.1) gives a list of prominence lines reported by Athay and Orrall (1957) from a
prominence in the west limb of the total solar eclipse of 1952. Figure (4.7) shows the
spectrum recorded by fiber #19. In this paper an emission line of Sr II listed at 3077.7
angstrom needs to be corrected as 4077.7angstrom. Comparison between table (4.1) and
figure (4.7) reveals that the fiber #19 had recorded all the prominence emission lines
reported by Athay and Orrall (1957), that falls within the wavelength range of the

detector in MACS.
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Table (4.1) List of the emission lines reported by Athay and Orrall
(1957) of a prominence from the total solar eclipse of 1952. In this
paper the Sr II line at 4077.7 has been erroneously recorded as
3077.7 angstrom. In the following table only the emission lines that
could lie within the wavelength range of MACS is enumerated.

Emission line Wavelength (angstrom)
Sr 1l 4215.5
H (2-6) 4101.7
Sr1T 4077.7
He I 4026.3
CallH 3968.5
CallK 3933.7
Hs (2-8) 3889.1
Ho (2-9) 38354

Figure (4.7) shows the spectrum recorded by the fiber #19 in the 4.0 seconds
exposure. This is after averaging over three pixels about its center and subtracting the
dark signal. However the spectrum is not yet corrected for the wavelength sensitivity of

the telescope-spectrometer system.
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4 Coronal spectrum for the 4 seconds exposure in fiber number 19
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Figure (4.7). The spectrum recorded by the fiber #19 in the 4.0
seconds exposure. The emission lines and their corresponding
wavelengths and pixel positions are identified.

From figure (4.7) and table (4.1) it is apparent that the fiber #19 had recorded all
the prominence lines that fall within the wavelength range of the detector. The yellow
curves superimposed on the spectrum are the gaussian curve fits. The wavelengths
correspond to the peaks of the gaussian curves. However it needs to be yet ascertained
whether the emission lines were correctly identified. This was verified by constructing a
regression fit between the emission peaks and the peak positions. Figure (4.8) shows the
result of the regression fit and the wavelength scale between different emission lines.
These values give an average linear dispersion per pixel of 2.39 angstrom and matches

with the linear dispersion per pixel calculated from the optical parameters of MACS.
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Figure (4.8). The regression fit between the emission line peaks
and the peak positions of the fiber #19 in the 4.0 seconds
exposure. The table incorporated shows the wavelength scale
between any two-emission lines.

Furthermore, the spectrum recorded by the fiber #20 also shows all the emission
lines from a prominence as listed in table (4.1). Figure (4.9) is the spectrum recorded by

the fiber #20.
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Figure (4.9). The spectrum recorded by the fiber #20 in the 4.0
seconds exposure. This too matches with all the emission lines
recorded by the fiber #19 as shown in figure (4.7).

In table (4.2) is a list of emission lines, categorized as very strong and strong,
from the flare of 18 September 1957 and reported by Jefferies, Smith and Smith (1959).
Figure (4.10) shows the spectrum recorded by the fiber #22 in the 4.0 seconds exposure.
This is after averaging over three pixels about its center and subtracting the dark signal.
However the spectrum is not yet corrected for the wavelength sensitivity of the telescope-

spectrometer system.
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Table (4.2). List of the emission lines reported by Jefferies, Smith
and Smith (1959) from the flare of 18 September 1957. This table
only includes those emission lines categorized as very strong and
strong. Also in this following table only the emission lines that
could lie within the wavelength range of MACS is enumerated.

Emission line Wavelength Category
angstrom

Hg 3889.1 strong
Call-K 3933.7 very strong
Call-H 3968.5 very strong
Hg 3970.1 strong

H 5 4101.7 very strong
Hy 4340.5 very strong
Hel 4471.7 strong

Figure (4.10) showing the spectrum recorded by the fiber #20 does indicate that

all but the Hg line at 3970.1 angstrom listed in table (4.1) to be present. Since the linear
dispersion is ~2.40 angstrom/pixel and, with the H¢ line at 3970.1 angstrom being only

2.0 angstrom away from the very strong Ca II-H line at 3968.5 angstrom, this may have

caused this line to blend with the stronger line.
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Caronal spactrum for the 4 seconds exposure in fiber number 22
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Figure (4.10). The spectrum recorded by the fiber #22 in the 4.0
seconds exposure. The emission lines and their corresponding
wavelengths and pixel positions are identified.

Figure (4.11) shows the result of the regression fit and the wavelength scale
between different emission lines of figure (4.10). These values give an average linear
dispersion per pixel of 2.40 and matches with the linear dispersion per pixel calculated

from the optical parameters for MACS, as listed in table (3.1).
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Figure (4.11). The regression fit between the emission line peaks
and the peak positions of the fiber #19 in the 4.0 seconds
exposure. The table incorporated shows the wavelength scale
between any two-emission lines.

Based on the comparison on the spectra recorded by the fiber#19, fiber#20 and
fiber #22 and the prominent emission lines expected of a prominence or a flare as listed
in tables (4.1) and (4.2), respectively, it is reasonable to assume that these fibers were

exposed to a prominence or a flare or to both of these features.
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In order to identify the individual fiber location on the corona as accurately as

possible the following analyses were performed.

1.

Identifying the fibers exposed to prominence spectrum. The fibers #19, 20 and 22
were positively identified to have recorded the typical emission lines due to a

prominence.

Orienting an eclipse photograph showing prominent eruptions with EIT images from
SOHO on the day of the eclipse and matching these features. This matching was
performed using the conspicuous prominence eruption identified at ~ 68° southwest
in the EIT picture in 304 angstrom by SOHO at 11:26 UT with an eclipse photograph

taken at ~11:16 UT from the Black Sea.

Drawing the polar axis of the earth, which is p-angle from the polar axis of the sun.
The p-angle, which is the orientation of the polar axis of the sun with respect to the

polar axis of the earth, was obtained from, “The Astronomical Almanac 1999’.

Placing fiber #19 at the intersection point of the South Pole with the orbital circle at
1.5 solar radii. Prior to the eclipse the sun was focused to the position identified by
the moon during eclipse, as shown in figure (4.6). A solar filter attached at the front
end of the telescope facilitated this process. The telescope was then allowed to track.

Watching the direction of movement of the sun’s image upon slewing the telescope
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due north and south with the auto controls the fiber #19 was oriented at the position
perceived to be the earth’s South Pole. The locations of the other fibers could be then

determined based on their positions with respect to fiber #19.

Figure (4.12) shows the envisaged positions of the fibers on the corona based upon the

above procedure.

304 A% at 11:14 UT on 11 August 1999 - SOHO 11:16 UT on 11 August 1999 - photograph

Figure (4.12). This is a comparison between solar image by SOHO in
304.0 angstrom at 11:14 UT and an eclipse photograph taken from the
Black Sea at ~ 11:16UT. The orientation was made by matching the
prominence eruption ~ 68’ southwest in the SOHO image. The orientation
of the polar axis of the sun with respect to the polar axis of the earth was
obtained from the p-angle data given in, ‘The Astronomical Almanac
1999’ for 11 August 1999.
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Figure (4.13), figure (4.14) and figure (4.15) are pictures of the sun taken by
LASCO instrument on SOHO, EIT instrument on SOHO and radio image from Nancy

and x-ray image by Yohkoh, respectively, on 11 August 1999.

L.ASCO 2 12:08 LASCO 2 12:40

LAscoO c3 12:15 LASCO C3 21:42

Figure (4.13). Images of the sun taken by the LASCO instrument
on SOHO on the 11 August 1999. The numbers denote the time in
UT. C2 and C3 are coronal images of the sun from 2.0 — 6.0 solar
radii and 3.7 - 32.0 solar radii, respectively, using an externally
occulted disk.
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10:55 11:48 12:27

11:08 11:42 12:21

11:01 11:54 12:33

11:14 12:02 19:19

Figure (4.14). Images of the sun taken by the EIT instrument
on SOHO on the 11 August 1999. The numbers denote the
time in UT.
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Figure (4.15). Images of the sun taken by the radiograph in Nancy, France
and the x-ray telescope on Yohkoh on the 11 August 1999.

In figure (4.13) the coronal images of the sun were obtained from the C2 and C3
coronagraphs, of the LASCO (Large Angle and Spectrometric Coronagraph) instrument
on SOHO, providing coronal images of the sun from 2.0 — 6.0 solar radii and 3.7 — 32.0
solar radii, respectively. These pictures reveal large-scale activities in the form of
streamers in the southeast limb as compared to the rest of the limb. From figure (4.12) the

fibers #19, 20, 21 and 22 were located in this region of high streamer activity.

In figure (4.14) are EIT (Extreme ultraviolet Imaging Telescope) on SOHO are

images of the sun through various filters centered at different wavelengths as indicated on
the images. These are images, through selected bandpasses in Fe IX/X at 171.0 A, Fe

XII at 195.0 1& Fe XV at 284.0 f& and He II at 304.0 1& reflect temperatures of ~1.0

MK, ~2.0 MK, ~3.0 MK and ~4.0 MK, respectively.
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In figure (4.15) are radio images from Nancy, France and a x-ray image from
Yohkoh. The radio image in the center reveals that the east limb was either hotter or

lesser in electron number density than the west limb. The bright spot on the image on the

right shows the subflare #8662 reported at south14 east04 on 11 August 1999.

4.4  The telescope-spectrometer sensitivity curve
In section 4.4 the wavelength correction factor to convert terrestrial intensity
observation to extraterrestrial intensity is discussed. The intensity recorded by MACS

differs from the extraterrestrial intensity primarily due to the following two reasons.

1. The wavelength dependency of the physical parameters such as transmission
efficiency, focal length, dispersion and quantum efficiency, etc of the optical

components of MACS.

2. The wavelength dependency of the measured coronal intensity on the transmission

efficiency and the scattering in the earth’s atmosphere.

In order to find a correction term to convert terrestrial intensity observation to

extraterrestrial intensity for each of the fibers the following steps were followed. This

follows the procedure adopted by Ichimoto et al. (1996).
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1. The dark-current subtracted terrestrial sky spectrum observed by each fiber was

corrected for Rayleigh scattering (A™*). The sky represents the F-component of the
solar spectrum and also closely resembles the solar spectrum itself. However the
Rayleigh scattering affects the overall distribution of the sky spectrum. Thus the
Rayleigh corrected sky spectrum was assumed to closely represent the terrestrial solar
spectrum at the observation site. Figure (4.16) shows the sky spectrum recorded by

fiber #06 before and after correcting for Rayleigh scattering.

Sky spectrum recorded by fiber #06 in Elazig corrected for Rayleigh scattering
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Figure (4.16). Plots of the sky spectrum recorded by fiber #06 in Elazig,
Turkey before and after correcting for Rayleigh scattering. The plots
have been normalized at 3968.5 Angstrom.
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2. The terrestrial photospheric spectrum (Rayleigh corrected sky spectrum) recorded by
MACS was calibrated with a wavelength scale using prominent absorption lines Ca II
K & H at 3933.7 & 3968.5 angstrom, respectively and H, at 4101.7 angstrom. The
positions of these absorption lines were matched with the corresponding positions of
the same absorption lines in the extraterrestrial photospheric spectrum. These
intensities were then divided by their respective intensities at 3968.5 angstrom. Figure

(4.17) shows the terrestrial photospheric spectrum (Rayleigh corrected sky spectrum)

recorded by fiber #06 and the extraterrestrial photospheric spectrum.

Hlozig sky spectrum compared with the extraterrestrial photospheric spactrum
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Figure (4.17). Plots of the extraterrestrial photospheric
intensity spectrum and the terrestrial photospheric
intensity spectrum recorded by fiber #06. The
extraterrestrial photospheric spectrum is a smoothed
version of the extraterrestrial photospheric spectrum
shown in figure (2.1).
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3. The extraterrestrial photospheric spectrum was smoothed until it matched the
resolution of the terrestrial photospheric spectrum recorded by MACS. Figure (4.18)
shows the terrestrial photospheric spectrum recorded by fiber #06 and the
extraterrestrial photospheric spectrum smoothed in resolution to match the resolution

of the terrestrial photospheric spectrum.

Elazig sky spectrum compared with the smoathed extraterrestrial photospheric spectrum
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Figure (4.18). Plots of the smoothed extraterrestrial
photospheric intensity spectrum and the terrestrial
photospheric intensity spectrum recorded by fiber #06.
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The ratios between the extraterrestrial and the terrestrial photospheric spectra
were calculated against wavelength. Figure (4.19) shows plots of the smoothed
extraterrestrial photospheric intensity spectrum, terrestrial photospheric intensity

spectrum recorded by fiber #06 and the ratio between them.
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Figure (4.19). Plots of the smoothed extraterrestrial
photospheric intensity spectrum, terrestrial photospheric
intensity spectrum recorded by fiber #06 and the ratio between
these two against wavelength.
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A polynomial fit was made to the ratios between the extraterrestrial and the
terrestrial photospheric spectra that were calculated against wavelength. Figure
(4.20) shows the polynomial fit made to the ratio between the smoothed
extraterrestrial photospheric intensity spectrum, and the terrestrial photospheric

intensity spectrum recorded by fiber #06.

Wavelength dependent intensity correction factor
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Figure (4.20). Polynomial fit made to the ratio between the
extraterrestrial photospheric spectrum and the terrestrial
photospheric intensity spectrum. The numbers on the plot are
the coefficients of the polynomial fit.
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Figure (4.21) shows the application of the polynomial fit to the terrestrial
photospheric intensity spectrum to obtain the extraterrestrial photospheric intensity. This
indicates a reasonably good fit. Also plotted in figure (4.12), for comparison purpose, is

the smoothed extraterrestrial photospheric intensity spectrum as shown in figure (4.18).
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Figure (4.21). Application of the polynomial fit shown in figure
(4.20) to the terrestrial photospheric intensity spectrum to
obtain the extraterrestrial photospheric intensity. Also plotted
for comparison purpose is the smoothed extraterrestrial
photospheric intensity spectrum as shown in figure (4.18).
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4.5  Application of the intensity correction factor

The extraterrestrial photospheric intensity spectrum differs from the terrestrial
photospheric intensity spectrum measured by MACS primarily due to the atmosphere and
the optical elements in MACS. Therefore the ratio between the extraterrestrial and the
terrestrial photospheric intensity at a given wavelength could be written as shown in

equation (4.1).

Lo )/ Tprho) _gox o _pon)
Ipx (7“)/ Ipx (7“0)
T(A) = transmission efficiency of MACS 4.1)

A(A) = atmospheric attenuation

where IPT andIE are the photospheric intensity measured by MACS from ground and

X
the extraterrestrial photospheric intensity, respectively. Here both the extraterrestrial and

the terrestrial intensities are divided by their respective intensities at a reference

wavelength A, . In producing figure (4.18) the reference wavelength A, was selected to

be the Ca-II H line at 3968.5 angstrom. The same is true for the measurement of any
other extraterrestrial intensity spectrum including the measurement of the solar coronal

intensity measurement during an eclipse.
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Using equation (4.1) the terrestrial coronal intensity at a given wavelengthA
measured by MACS during the eclipse would correspond to the extraterrestrial coronal

intensity given by equation (4.2).

C _ 1 IEXO\'O) C
EXO\')_ f(?\.)x 18(7\40) XIGO\')

I () = terrestrial coronal intensity @.2)

Iy (L) = extraterrestrial coronal intensity

From equation (4.2) the extraterrestrial coronal intensity ratio at wavelengths A, and A,

is given by equation (4.3).

Lix (hy) _f(rs) T
Lix(,) f0y) 1

4.3)

4.6  Determination of the Thermal electron temperature and the Solar wind

velocity for each fiber location

The coronal spectrum recorded by each fiber contains the K, F and E coronal
spectra. In order to determine the thermal electron temperature and the solar wind
velocity, as per the methodology discussed in chapter-2, the K-coronal spectrum has to be
isolated. Figure (4.22) shows the coronal spectrum recorded by the twenty-one fibers in

the 18.0 seconds exposure.
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Figure (4.22). These plots show the coronal spectra recorded
by the twenty-one fibers located at various latitudes and
heights on the corona as depicted in figure (4.12). Fiber #23
was centered on the moon. The above spectra were recorded in
the 18.0 seconds exposure. The x-coordinate is in pixel units.
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Comparison between figure (4.22) and (4.12) it is evident that the fibers below the
equator prominently display emission lines. From fiber #23, which was located at the
center of the moon, was expected to record the background counts in addition to the
coronal light reflected off the clouds and re-reflected off the moon. However the
observational site in Elazig, Turkey reportedly being free of clouds the spectrum from
fiber #23 only reveals the extent of the instrumental stray light. This stray light is
believed, largely, to have originated in the telescope and could pose a significant error in
the wind measurement. This is because the scattering is significantly large in the bright
end of the spectrum in MACS. This in turn could give a larger count number for the
intensity at 4233.0 angstrom, which is used in determining the wind sensitive intensity
ratio. This is evident in the spectrum of fiber #23. In this regard it a prudent to eliminate
at least 1-% of the counts in the bright end of the spectrum. The fibers recording emission

lines can be attributed to exposure to prominence spectrum as discussed in section (4.3).

Figure (4.23) is the coronal spectrum recorded by fiber #06. As per figure (4.12)
this fiber was located midway between the solar equator and the solar North Pole at 1.1
solar radii. Also LASCO images in figure (4.13) confirm this region free of streamer
activities. The following steps were carried out in order to isolate the K-coronal spectrum

in fiber #06 and closely resemble the methodology described by Ichimoto et.al (1996).

118



1. It was assumed that the Rayleigh corrected sky spectrum to closely resemble the
F-component of the solar spectrum. On this basis a fraction of the sky component
corresponding to about 1-% of the counts at 4250.0 angstrom in the coronal

spectrum was subtracted.

Coranal spectrum recorded by fiber #06
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Figure (4.23). The coronal spectrum recorded by fiber #06.

2. A third order polynomial fit was made to the difference between the coronal spectrum
substracted by the F-coronal spectrum. This was possible in the above case since the
coronal spectrum of fiber #06 is devoid of any significant emission lines. In the cases
with strong emission lines gaussian fits would be made and subtracted with the
background added to the continuum. In order to account for the stray light a constant

value was subtracted from the coronal spectrum in order to make the overall variation
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with wavelength (the ratio of the average intensity in 3700-3800 angstrom and the
intensity around 4250 angstrom) to be identical with that of the brightest spectrum
recorded by a fiber. For fiber #06 this correction amounted to 55 digital units in a 16-
bit dynamic range. Figure (4.24) shows the reduced K-coronal spectrum from fiber

#06.

Terrestrial K—caronal spectrum recorded by fiber #06
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Figure (4.24). The terrestrial K-coronal spectrum reduced from
the coronal spectrum recorded by fiber #06.

The terrestrial K-coronal spectrum was adjusted by the wavelength sensitivity
curve in figure (4.20). This would transform the terrestrial K-coronal spectrum to
the extraterrestrial K-coronal spectrum. This curve was used to determine the

wind and the temperature sensitive ratios using equation (4.2). Figure (4.25)
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shows the extraterrestrial K-coronal intensity derived for fiber #06 together with

the wind and the temperature sensitive intensity ratios.

Extraterrestrial K—coranal spectrum colculated for fiber #08
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Figure (4.25). This plot shows the extraterrestrial K-
coronal spectrum derived for fiber #06. The wind and the
temperature sensitive intensity ratios are 1.245 and
1.488, respectively.

4. The theoretical temperature and the wind sensitive plots for the desired line of sight
were then used to predict the thermal electron temperature and the solar wind
velocity. The figure (4.26) and figure (4.27) show the locations of the temperature
and the wind sensitive intensity ratios, derived from figure (4.25), on the theoretical
thermal electron temperature and the solar wind velocity plots at 1.1 solar radii,
respectively. These plots associate a thermal electron temperature of ~1.73 MK and a
solar wind velocity of ~467.0 km/sec for fiber #06’s location on the solar corona. The

error bars will be discussed in section (4.7).
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Figure (4.27). The wind sensitive plot. This assigns
a solar wind velocity of ~467.0 km/sec for fiber

#06.
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Similarly figure (4.28) and figure (4.29) show the locations of the temperature and
the wind sensitive intensity ratios on the theoretical thermal electron temperature and the
solar wind velocity plots at 1.1 solar radii, respectively. These plots associate a thermal
electron temperature of ~1.29 MK and a solar wind velocity of ~300.0 km/sec for fiber
#06’s location on the solar corona. Figure (4.30) shows the extraterrestrial K-coronal
spectrum derived for fiber #10. Figure (4.31) and figure (4.32) give a thermal electron
temperature of ~1.34 MK and a solar wind velocity of ~571.0 km/sec for fiber #10’s

location on the solar corona.

Extraterrestrial K—coronal spectrum colculated for fiber #10
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Figure (4.30). This plot shows the extraterrestrial K-
coronal spectrum for fiber #10. The wind and the
temperature sensitive intensity ratios are 1.248 and
1.524, respectively.
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Figure (4.33) shows the coronal spectrum recorded by fiber #14 that includes
prominent emission lines in calsium and hydrogen. The continuum was obtained by
fitting a gaussian function of the form given by equation (4.4) to the emission lines and

fitting equation (4.5) to the continuum.

Z2

T x—A
fO)=Ane 2 +A,+A A+A22 where Z= 1 (4.4)
0 3T ALt A A,
2
A3+A4X+A5k 45)

Coronal spectrum recorded by Fiber #14 in the 4—seconds exposure
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Figure (4.33). This plot shows the terrestrial coronal
spectrum recorded by fiber #14. The continuum is a
measure of the terrestrial F+K corona. The E-corona is
removed by making Gaussian fits of the form given in
equation (4.1) to the individual emission lines and fitting
the background given by equation (4.2) to the continuum.
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Following the steps described above figure (4.34) shows the extraterrestrial K-

coronal spectrum reduced for fiber #14.

Extraterrestrial K—coronal spectrum colculoted for fiber #14
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Figure (4.34). This plot shows the extraterrestrial K-
coronal spectrum for fiber #14. This is following the
elimination of the E-corona from figure (4.33).

From figure (4.35) and figure (4.36) the thermal electron temperature and the
solar wind velocity derived for fiber #14 are ~ 0.73 MK and ~ 819.0 km/sec, respectively.
However from figure (4.12) and figure (4.13) it is evident of a streamer and some bright
structures in the field of view of fiber #14. This fairly low temperature could result from
one of two possibilities. Firstly the fiber may have seen the corona very close to the limb
based on the possibilities of errors arising from improper alignment of the fiber optic

plate in the focal plane of the telescope or improper tracking.
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Secondly, it is apparent that local density enhancement may have resulted at
points of intersection of the streamer with the line of sight of fiber #14. Although the
actual geometry nor the magnitude of the density enhancement are known, nevertheless,
using a trial geometry and an assumed magnitude for density enhancement it can be
shown that the temperature determined for fiber #14 may differ widely from the true
value. This phenomemon is described in Appendix-C. In the following example the
geometry described in Appendix-C was used along with an assumed density

enhancement by a factor of 50.0.
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Figure (4.37). Plot showing the variation in the
temperature-sensitive intensity ratio, from the
theoretical models without streamers, for a streamer of
geometry described in Appendix-C and density
enhanced by a factor of 50.0 together with various
streamer inclinations in front and behind the solar limb.
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In figure (4.37) the horozontal lines show the temperature-sensitive intensity ratio
for models without streamers. The curves with the matching colors show the variation of
this ratio with streamers of the above geometry and density enhancement located at
various angles in front and behind the limb. The two arrows indicate that a corona with
temperature 1.0 MK and wind velocity 819.0 km/sec along with a streamer enhanced in
density by a factor 50.0 and inclined at ~ 18.0° or ~58.0° degrees in front of the limb
could have given the same temperature-sensitive intensity ratio as the theoretical model
without streamers for an isothermal corona of temperature 0.73 MK and solar wind
velocity 819.0 km/sec. This example shows the sensitivity of the streamers crossing the
lines of sight of the fibers in determining the temeprature and the wind velocity. However
this cannot be considered a detrimental factor in the broader science of determining the

density enhancement associated with streamers, their temperatures and velocities.

My belief for the low temperature recorded by fiber #14 has the following
interpretation. From figure (4.1) and (4.14) it is apparent that the fiber #14 was closely
placed to the extended prominence. It is very likely in this this scenario that the line of
sight integration for fiber #14 contained cool material associated with a prominence and

is a signature of its likely temperature.

From similar analyses the schematic diagram in figure (4.38) shows the values

determined for the thermal electron temperature and the solar wind velocity for fibers

#04, 06, 08, 10,12, 14 & 22 located at 1.1 solar radii and fiber #15 & 17 located at 1.5
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solar radii. Unfortunately it has not been successtul in determining the wind velocities for
fibers # 15 and 22. The spectrum recorded by these fibers show a gradual decline in
counts above 4200.0 angstrom for reasons, which are not obvious. All the temperature
and wind values determined for the above fibers are based on the theoretical models

without consideration for streamers.

Figure (4.38). The thermal electron temperature and the solar wind
velocity determined for solar coronal locations observed by fibers #04, 06,
08, 10, 12, 14 & 22 that are located at 1.1 solar radii and fiber #15 & 17
located at 1.5 solar radii. These values are based on the theoretical
models. The temperature and the wind velocity are measured in MK and
km/sec, respectively. However the wind measurements seem too far high.
In this regard it is acknowledged that the experiment was not successful in
measuring the wind velocities and the absolute values should be
disregarded.
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4.7 Sources of error and error bars

The sources of systematic errors could have resulted from improper alignment of
the fiber optic plate in the focal plane of the telescope and tracking inadequecies. These
practical reasons for these problems in the present status of MACS are highlighted in

chapter-7 with suggested remedial measures.

Another disappointment in this experiment reflects from the spectrum recorded by
finer #23, which was centered in the center of the lunar shadow to record the background
counts. The spectrum recorded by fiber #23, which was intended to measure the

background counts, is shown in figure (4.39).

Figure (4.39). The spectrum recorded
by fiber #23, which was centered on
the lunar shadow during the eclipse.
Its purpose was to measure the
background counts.
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Figure (4.39) highlights the scale of the instrumental scattering specially in the high end
of the wavelength region that is sensitive to the wind-sensitive intensity ratio giving a
higher count at 4233.0 angstrom. An attempt to quantify its influence on the spectra
recorded by the other fibers is given in chapter-6. This may be the reason for obtaining
very large measurements for the wind velocities. The wind velocities expected at 1.1
solar radii are of the order of ~100.0 km/sec. In this regard the absolute values
determined for the wind velocities should be disregarded. However the ratios of the wind
velocities in the equatorial regions to the coronal hole regions do make sense where the
wind velocities at the poles are of the order ~3.0 times the wind velocities in the
equatorial regions. Instrumental scattering could also be responsible for causing the

coronal light recorded by a number of fibers unusable for analyses.

However scattering is an inevitable consequence arising from the financial
constraints associated with obtaining superior optics. Also in respect to the time
constraint associated with the eclipse duration it was not possible to do repeat
measurements for random statistics. However this effort will be feasible with MACS

attached to a coronagraph.

As for the temperature-sensitive intensity ratio one of the concern was the
assocition of the wavelength positions to be in close proximity to strong emission lines.
For example the proximity of the 4100 angstrom wavelength position to the emission line

of HS at 4101.7 angstrom.
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In addition there is also an error associated with the derivation of the instrumental
wavelength sensitivity curve. Figure (4.21) shows the application of the wavelength
sensitivity curve to the Rayleigh corrected sky spectrum to obtain the extraterrestrial
photospheric spectrum (red curve). Matching this extraterrestrial photospheric spectrum
(red curve) with what is considered as the true extraterrestrail photospheric spectrum
(green curve), as depicted in figure (4.21), the overall deficiency is 0.44%. This is the
difference between the area under these two curves. However this does not mean that
point to point differences are las low as 0.44%. At the temperature-sensitive wavelength
locations at 3850.0 and 4100.0 angstroms, these errors are — 4.1 % and + 1.9 %,
respectively. This can cause the temperature to be under estimated by 5.7 %, which
translates to 1.14 MK. The ideal remedy to this problem is an absolute wavelength
calibration of MACS with sources of known strengths. However this does not still

account for the instrumental scattering.

Although no clouds were reported during observation, yet the haze due to
convection that is associated with the very dry terrain in Elazig, Turkey is another hidden

consequence on the accurate coronal brightness measurements.

The influence of the numerical procedure and other physical parameters, such as

the electron number density profile, used in creating the shape of the K-coronal intensity

spectrum is discussed in chapter-5.
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48  Summary

It has been demonstrated that the concept of MACS could be used as an
instrument for global and simultaneous measurements of the thermal electron
temperature and the solar wind velocity in the solar corona. The inaugural mission of
MACS was beset with problems associated with instrumental scattering, lacking an
imaging device to image the eclipse to ascertain tracking reliability and the possible
atmospheric dust pollution due to the experimental location in a dry terrain devoid of
vegetation. However the remedial measures are very simple in nature and tied to adequete
financial resources. Using MACS with a coronagraph will also eliminate the time and
terrain constraints associated with eclipses. Using MACS in a space platform that could
take it very close to the solar surface and look into the corona will also eliminate the need
for a coronagraph and the problems associated with the F-corona. This would be very
promising in light of the scattering and the F-corona concerns associated with terrestrial
observations. The remedial measures and the uses of other platforms for MACS are

detailed in chapter-7.
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Chapter 5

MODIFIED CRAM’S THEORY AND ITS DEPENDENCE ON VARIOUS

PARAMETERS

51 Modified Cram’s theory

Lawrence Cram (1976) formulated the theory for the formation of the K-corona.
The modified Cram’s theory includes the influence of the solar wind velocity in the
formation of the K-corona, which is a continuous spectrum. The reasons for the
formation of this continuous spectrum and the influence of the solar wind velocity are
discussed in chapter-2. Figure (5.1) is a schematic diagram showing the mathematical
description of the scattering phenomenon where the photospheric radiation from the sun
is scattered by the free electrons lying along the line o