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Abstract We conducted an experiment in conjunction with the total solar eclipse of 29
March 2006 in Libya that measured the coronal intensity through two filters centered at
3850 A and 4100 A with bandwidths of ~40 A. The purpose of these measurements was to
obtain the intensity ratio through these two filters to determine the electron temperature. The
instrument, Imaging Spectrograph of Coronal Electrons (ISCORE), consisted of an eight
inch, f/10 Schmidt Cassegrain telescope with a thermoelectrically-cooled CCD camera at
the focal plane. Results show electron temperatures of 10° K close to the limb to 3 x 10° K
at 1.3R. We describe this novel technique, and we compare our results to other relevant
measurements. This technique could be easily implemented on a space-based platform using
a coronagraph to produce global maps of the electron temperature of the solar corona.

Keywords Solar corona - K-corona - Electron temperature - Solar wind - Eclipse science
and spectrograph
1. Introduction

For more than 50 years the solar corona has intrigued researchers with its physical proper-
ties of a million-degree temperature together with the energy to accelerate the solar wind
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Figure 1 Solar photospheric spectrum in the visible wavelength region, which is incident on the coro-
nal electrons. This spectrum was obtained with a ground-based Fourier transform spectrometer at the Mc-
Math — Pierce Solar Telescope at Kitt Peak, Arizona and is corrected for wavelength-dependent absorption in
the Earth’s atmosphere (Kurucz ef al., 1984). Also shown are the profiles of the two filters centered at 3850 A
and 4100 A. The vertical lines show the locations of the Fraunhofer lines listed in the figure.

to supersonic speeds. Emission lines from highly-charged Fe ions discovered during total
eclipses were the first indication of temperatures above the 5000° photosphere, and it led
researchers to examine coronal temperatures and flow speeds using Doppler-shifted emis-
sion from Fe and other coronal ions. Examples include Habbal, Esser, and Arndt (1993),
Guhathakurta, Fisher, and Altrock (1993), Brosius et al. (1997), Mason et al. (1997), Kohl
et al. (1995), Doppler dimming of ultraviolet spectral features (e.g., Strachan et al., 1993),
and visible imaging spectroscopy (e.g., Brueckner et al., 1995).

Based on a technique first proposed by Cram (1976), and extended by Reginald and
Davila (2000), we have obtained coronal diagnostics on the thermal electron temperature
and its flow speed by observing the Thomson-scattered emission from coronal electrons.
Earlier attempts using electron-based measurements include Grall ef al. (1996), using inter-
planetary radio scintillation measurements, and Fineschi et al. (1998), using Ly « profiles
obtained from observations through the Ultraviolet Coronagraph Spectrometer (UVCS) on-
board the Solar and Heliospheric Observatory (SOHO). Ichimoto et al. (1996) obtained a
measurement also based on electron scattering. Reginald et al. (2003) reported spectroscopic
measurements at several locations in the K-corona from measurements obtained during the
2001 eclipse in Zambia.

The K-corona, seen around the solar limb during an eclipse, is due to Thomson scatter-
ing of photospheric light off the coronal electrons. Although the photospheric spectrum, as
shown in Figure 1, contains millions of absorption lines, including conspicuous Fraunhofer
lines, the modeled spectrum that results from scattering off the coronal electrons is very
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Figure 2 Theoretically modeled K-coronal spectrum at lines of sight at 1.1Rp and 1.3Rp for ther-
mal-electron temperatures of 0.5, 1.0, 1.5, and 2.0 MK. The temperature insensitive nodes are at 3987, 4234,
and 4411 A.

smooth, as shown in Figure 2. This is a result of the high thermal velocities of the coronal
electrons, which causes the total obliteration of the absorption lines in the incident photo-
spheric spectrum to produce a smooth spectrum through thermal Doppler broadening. The
only remaining features are slight depressions at wavelengths that once contained the deep
Fraunhofer lines such as the Ca 11 K and H lines at 3933.7 A and 3968.5 A. Figure 2 shows
the theoretically modeled Thomson-scattered K-coronal spectrum for coronal electron tem-
peratures of 0.5, 1.0, 1.5, and 2.0 MK at lines of sight at 1.1Rg and 1.3R. The temperature
insensitive nodes in Figure 2 were initially noted by Cram (1976) and these modeled nodal
locations are remarkably maintained with coronal height. It is clearly evident from Fig-
ure 2 that the absorption features of the photospheric radiation shown in Figure 1 have been
smoothed by the thermal Doppler-broadening process leaving only shallow depressions at
wavelengths that once contained deep Fraunhofer lines. For example, the Doppler broad-
ening that results in filling the valleys and flattening the peaks in the incident photospheric
spectrum broadens the photospheric radiation at 4000 A by ~70 A in a 1 MK coronal
plasma.

In producing the modeled K-coronal spectrum along any given line of sight in the corona,
we assumed a spherically-symmetric corona based on the electron-density profile given by
Baumbach (1937), which was based on photometric data from ten eclipses dating from 1905
to 1929. This density profile was confirmed by November and Koutchmy (1996) when they
had the unique opportunity of obtaining the same photometric data through the use of the
3.6-m Canada —Franch — Hawaii Telescope (CFHT) located on Mauna Kea, Hawaii during
the total solar eclipse on 11 July 1991 whose path crossed that telescope.
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Figure 3 The red-shifting of the =
K-coronal spectrum due to the W
outward bulk flow speed of the ) /
coronal electrons.

Observer

If not for the time constraint associated with a solar eclipse, the electron density could
have been obtained at the time of the experiment by the measurement of the coronal intensity
through three polarizing angles.

We then integrated the contribution by all of the electrons located along each line of
sight through the Thomson-scattering process. We also allowed for the angular dependence
of the Thomson-scattering process together with the effect of a wavelength-dependent limb-
darkening coefficient on the incident photospheric radiation from different parts of the Sun
on the coronal electrons located along that line of sight. Also assumed were a Maxwellian
velocity distribution for the coronal electrons and an isothermal and symmetric corona.

The hot solar corona is not static, but instead the coronal electrons flow away from
the Sun as solar wind. Therefore the formalism of Cram (1976) was extended to allow
for a Maxwellian distribution with a bulk flow speed, as discussed in Reginald and Davila
(2000). As a consequence, the outward-propagating electron plasma would observe a red-
shifted photosphere in the reference frame of the electrons, with the amount of red-shift
proportional to the outward flow speed. The amount of red-shift observed by these electrons
will be preserved in wavelength in the Thomson-scattering process due to its wavelength
independence in the rest frame of the electrons. This yields a remarkable difference be-
tween Doppler measurements of line emission and the Thomson-scattering process where
the latter allows for red-shifts even when the electron velocity is transverse to the line of
sight.

Figure 3 is a schematic to illustrate this point. Here the coronal electrons are shown at
equal distance, from the point where the line of sight intersects the plane of the sky, in
front and behind the solar limb. The coronal electrons at the locations numbered 1, 2, and
3 are all moving away from the Sun at some speed w. Hence they are all seeing a red-
shifted photosphere in the reference frame of the electrons. Some portion of this incident
photospheric radiation is Thomson-scattered by these electrons located at positions 1, 2,
and 3 in the direction towards the observer. Also this scattered radiation is red shifted in
proportion to the bulk flow speeds of these electrons since the Thomson-scattering process

@ Springer



Coronal Electron Temperature Maps 351

5.0 T
. L Temp MK  0.500000 |
< r 1.00000 .......... 7
I, 45— 1.50000 — _ _ . —
—(m = 7
| [ 2.00000 _._._. -
O
() = -
0
E\‘Z = -
£ 4.0 j i
O
12] = -
o
o - i
L = _
» 35— 1.1Rg —
z i i
o [ -
()
+ - -
A
S 3.0 —
[e] I -
2
o I -
° L i
¥ L i
T 25 ]
) [ ,
el - -
[*]
s - i
20l . Ll e L ol o L]
3600 3800 4000 4200 4400 4600 4800

Wavelength in Angstroms

Figure 4 Modeled K-coronal spectral intensity as a function of wavelength for isothermal coronal tempera-
tures of 0.5, 1.0, 1.5, and 2.0 MK, and an electron bulk flow speed of 400 km 51 , for aline of sight at 1.1R.
The temperature insensitive nodes are at 3990, 4239, and 4416 A.

itself is wavelength independent. However the electrons located at positions 1 and 3 also
have a velocity component that is directed away from and towards the observer, respectively.
Therefore the Thomson-scattered radiation by electrons at positions 1 and 3 are additionally
red and blue shifted, respectively, with the net results from all of the electrons located along
the line of sight of the observer being a red-shifted K-coronal spectrum.

Reginald (2000) incorporated the effects of electron flow speed into the modeling of the
K-coronal spectrum and found that when the contributions of all the electrons located along
a given line of sight are summed then the entire K-coronal spectrum shown in Figure 2 is
slightly red shifted in proportion to the electron flow speed. Figure 4 and Figure 5 show the
modeled K-coronal spectrum, for coronal electron temperatures of 0.5, 1.0, 1.5, and 2.0 MK
with bulk flow speeds of 400 kms~! and 800 kms™!, respectively, along a line of sight at
1.1Rs.

Therefore for a given line of sight, measuring the K-coronal spectrum can yield both the
electron temperature and its bulk flow speed, determined by comparing models that fit the
shape of the measured K-coronal spectrum. Results from such an experiment were described
by Reginald et al. (2003).

To obtain temperature maps of the corona, we have followed the following procedure:
From Figure 2 we note that the intensities for different coronal electron temperatures have
the largest differences at wavelength positions such as 3850 A and 4100 A, which we call
“anti-nodes”. We now calculate the intensity ratios from Figure 2 at the two anti-nodes cen-
tered at wavelength positions 3850 A and 4100 A, which we call “temperature-sensitive
intensity ratios”. By calculating this “temperature-sensitive intensity ratio” for different
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Figure 5 Modeled K-coronal spectral intensity as a function of wavelength for isothermal coronal tempera-
tures of 0.5, 1.0, 1.5, and 2.0 MK, and an electron bulk flow speed of 800 km s*l, for aline of sight at 1.1 R .
The temperature insensitive nodes are at 3994, 4244, and 4421 A.

K-coronal models with different electron temperatures, we can produce a temperature index
that would chart the “temperature-sensitive intensity ratio” versus “electron temperature”.
Through modeling we have noticed that the “temperature-sensitive intensity ratio” is main-
tained with different coronal heights and bulk flow speeds for a given coronal electron tem-
perature for the coronal plasma. As an example, the “temperature-sensitive intensity ratio”
for a K-coronal model with a given electron temperature would be remarkably maintained
in Figures 2, 4, and 5. In the ISCORE experiment, we have utilized the above technique to
determine the electron temperature on a pixel-by-pixel basis through the measurements of
the “temperature-sensitive intensity ratios” of the individual pixels.

The profiles of the two filters centered at the two anti-nodes pertaining to this experi-
ment are shown in Figure 1. Figure 6 shows the modeled “temperature-sensitive intensity
ratios” based on the filter profiles shown in Figure 1 applied on K-coronal models with
electron temperatures close to 0.0 MK to 10.0 MK and bulk flow speeds ranging from 0 —
900 kms~!. Figure 6 indicates a unique profile that can be used to determine the electron
temperature through the measurement of the “temperature-sensitive intensity ratio” on a
pixel-by-pixel basis. In a like manner, it was shown by Reginald and Davila (2000) that the
bulk flow speed could be determined on a pixel-by-pixel basis through the measurement of
the coronal intensity through four filters centered at 4233 A, 4100 A, 3987 A, and 3850 A
where the intensity ratio between 4233 A and 3987 A is called the “wind-sensitive intensity
ratio”.
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Figure 6 Modeled “temperature-sensitive intensity ratios” using two filter profiles shown in Figure 1 on
modeled K-coronal profiles, such as shown in Figure 2, with various electron temperatures and bulk flow
speeds. The measured “extraterrestrial coronal intensity ratios” Ig (A) will be matched with modeled “tem-
perature-sensitive intensity ratios” (y axis) on a pixel-by-pixel basis to determine the electron temperature
(x-axis) corresponding to that pixel.

2. Data Collection

The telescope used to obtain the solar coronal images at the total eclipse was an 8-inch,
f/10 Schmidt Cassegrain Meade™ telescope along with a £/3.3 focal reducer. This was
coupled to a computer-operated filter wheel which contained the 3850 A and 4100 A fil-
ters and followed by a back-thinned 512 x 512, 24 um square pixel, thermoelectrically-
cooled Apogee™ CCD camera at the focal plane of the telescope. The filters were obtained
from the Andover™ Corp, who also provided transmission curves that we verified indepen-
dently.

The details of the eclipse can be found in Espenak and Anderson (2004), and a description
of the 2006 eclipse expedition was presented by St. Cyr et al. (2007). Here we simply note
the date (29 March 2006); the duration (204 seconds), and the location (Libya’s Sahara
Desert).

In addition to taking solar coronal images during the eclipse, images of the solar pho-
tosphere were also taken, pre- and post-eclipse, using the 3850 A and 4100 A filters and a
pinhole in the front aperture of the telescope. These images were used in the data analysis to
account for the intensity attenuation associated with the Earth’s atmosphere and transmis-
sion properties of the instrumental optics.
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Figure 7 Coronal image taken using the 4100 A filter during the 29 March 2006 totality in Libya. The
duration of the exposure was 0.8 seconds. The filter profile is shown in Figure 1. The concentric circles are
plotted in intervals of 0.1 R starting from 1.1RG.

3. Data Analysis and Results

Figure 7 and Figure 8 show the coronal images taken through the 4100 A and 3850 A filters
during the 29 March 2006 totality in Libya, respectively. Figure 9 shows the ratio of these
two images. The central dark circular area is the Moon’s shadow, and the jagged darkened
areas at the limb are due to overexposed prominences. Figure 10 shows a high-resolution
picture of the eclipse superimposed on Figure 9 to highlight the streamer structures and the
location of the prominence that caused the inter-pixel bleeding in Figures 7 and 8. The high-
resolution, white-light image is shown only for the above purpose and did not feature in any
of the data analysis.

We have restricted our analysis to those pixels where the noise level is < 1.0%, which
corresponds to an uncertainty of £ 0.2 MK on the temperature measurements. The following
steps were used to determine that noise level: the standard deviation for each pixel was
calculated from “dark” images (i.e. with the shutter closed) with matching exposure times,
which is considered as the random noise level for that pixel.

Since the dark image matching its exposure time was subtracted from each image, the
random noise level for each pixel was then twice the standard deviation, thus accounting
for the random noise in both the exposed and the dark images used in obtaining Figure 7
and Figure 8. Due to the lack of a calibration source, the statistical error was theoretically
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Figure 8 Coronal image taken using the 3850 A filter during the 29 March 2006 totality in Libya. The
duration of the exposure was eight seconds. The filter profile is shown in Figure 1. The concentric circles are
plotted in intervals of 0.1 R starting from 1.1RG.

determined to be the square of the Poisson error by assuming a Poisson distribution for the
counts measured by each pixel, which is proportional to ~/N where N is the number of
electrons for that pixel. This value N for each pixel can be determined from the full-well
depth of 300000 electrons for 16-bit digitization for the camera used in this experiment.
Based on this criterion the area of analysis in Figure 9 was restricted to the area shown in
Figure 11.

We have followed the following steps in analyzing the data. First the images through the
3850 A and 4100 A filters were aligned through cross correlation of the coronal features and
the individual images were divided by their exposure times. This is required because the
Sun’s position behind the Moon changed during exposures through the different filters. The
images through the 4100 A and 3850 A filters as shown in Figures 7 and 8 were exposed
for durations of 0.8 and 8.0 seconds, respectively. The shorter-wavelength filter had to be
exposed for a longer duration due to its position in the blue that gets significantly attenuated
by the Earth’s atmosphere and instrumental optics. However some pixels were overexposed
by a bright prominence as seen in Figure 8. Second, the 4100 A image was divided by the
3850 A image to produce the “terrestrial coronal intensity ratio” I£ (1) meaning the coronal
intensity ratio as observed from the experimental location. Here the Moon’s shadow regions,
overexposed pixels, and pixels that had a noise level of > than 1.0% were excluded. Third,
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Figure 9 The ratio between the images shown in Figure 7 and Figure 8 after correcting them for intensity
modulation by the Earth’s atmosphere and instrumental optics. This figure represents the “extraterrestrial
coronal intensity ratio” Ilg (). The concentric circles are plotted at intervals of 0.1 R starting from 1.1 R .

this “terrestrial coronal intensity ratio” ITC(A) had to be transformed to an above the at-
mosphere “extraterrestrial coronal intensity ratio” IS (1) to reflect the true coronal intensity
ratio that is not affected by the attenuation of the intensity by the Earth’s atmosphere and
instrumental optics. For a given pixel, it is this measured “extraterrestrial coronal intensity
ratio” IS (1) that would be compared with the modeled “temperature-sensitive intensity ra-
tio” in Figure 6 to determine the electron temperature for that pixel. This transformation
from “terrestrial coronal intensity ratio” IS (L) to “extraterrestrial coronal intensity ratio”
IS (1) was achieved by first taking images of the photosphere, pre- and post-eclipse, through
the same two filters to obtain the “terrestrial photospheric intensity ratio” IX()). Here again
each image of the photosphere was first divided by its exposure time. This was then com-
pared with the modeled “extraterrestrial photospheric intensity ratio” £ (1) derived by using
the two filters profiles and the extraterrestrial photospheric spectrum shown in Figure 1. Any
difference between the “terrestrial photospheric intensity ratio” IF (1) and “extraterrestrial
photospheric intensity ratio” I (1) for a given wavelength was assumed to represent the
intensity attenuation attributed to Earth’s atmosphere and instrumental optics at that wave-
length. This correction was then applied to the “terrestrial coronal intensity ratio” I(1) to
obtain “extraterrestrial coronal intensity ratio” IS (1). This whole process can be represented
by Equation (1) where I, C, P, T and E represent intensity, coronal, photosphere, terrestrial
and extraterrestrial, respectively. The left-hand side of the equation that measures the “ex-
traterrestrial coronal intensity ratio” I$ (1) on a pixel-by-pixel basis will be compared with
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Figure 10 Figure 9 superimposed upon a high-resolution picture of the eclipse that shows detailed structures.
This high-resolution white-light picture clearly shows the locations of the prominences that resulted in the
inter-pixel bleeding in Figures 7 and 8. Courtesy of Miloslav Druckmuller, Peter Aniol.

modeled “temperature-sensitive intensity ratio” shown in Figure 6 to determine the electron
temperature of the coronal plasma for the corresponding pixel.

We wish to mention again that the term “temperature-sensitive intensity ratio” (Figure 6,
y-axis) is used to describe the modeled intensity ratios obtained by applying the 3850 A
and 4100 A filter profiles on the modeled K-coronal spectra, which are theoretical ratios
that are dependent on the coronal electron temperatures (Figure 6, x-axis) assumed for the
coronal plasma in the K-coronal models. The temperature-dependent modeled “temperature-
sensitive intensity ratio” that is applicable to a given pixel is the “extraterrestrial coronal
intensity ratio” Ig (A) measured for that pixel as described in Equation (1).

Ig (4100)  I£(4100)/I§ (3850) N £ (4100)
I§(3850)  IX(4100)/1F(3850) ~ IS(3850)

)]

4. Comparison to Other Published Results

Figure 12 and Figure 13 show the temperature profiles from Figure 11 along the western
coronal Equator and the southern coronal Pole along with measurements from other authors.
Our results show that the temperature rise is much more rapid with coronal heights in the
southern coronal Pole in comparison with the western coronal equator.
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Figure 11 “Extraterrestrial coronal intensity ratios” I, EC (1) for the 29 March 2006 totality. To determine the
electron temperatures from the measured “extraterrestrial coronal intensity ratios” given by LHS of Equa-
tion (1), they have to be compared with the modeled “temperature-sensitive intensity ratios” shown in Fig-
ure 6. The contour representing “extraterrestrial coronal intensity ratio” of 2.78 corresponds to a electron
temperature of 1.0 MK in the coronal plasma. The dark regions with zero ratio represents the Moon’s shadow,
overexposed pixels and pixels that have a noise level of > 1.0%.

Habbal, Esser, and Arndt (1993), using extreme ultraviolet (EUV) observations made
simultaneously in three spectral lines at the limb of a polar coronal hole, have found tem-
peratures of 0.78 —0.93 MK between 1.02—-1.07R. They have emphasized that even with
the most ideal circumstance they could not have determined the temperatures with an ac-
curacy better than 20%. Tu et al. (1998), using the EUV lines based on ions and measured
by Solar Ultraviolet Measurements of Emitted Radiation (SUMER) instrument on SOHO,
have determined temperatures of 1.3—5.0 MK in the region 1.02 —1.06R. Marsch et al.
(1999), using the Ultraviolet Coronagraph Spectrometer (UVCS) in addition to EUV on
SOHO, have measured temperatures of 0.09—-0.2 MK at 1.2R, and Marsch, Tu, and Wil-
helm (2000) have measured hydrogen temperature gradients of 0.1 —0.2 MK at the limb of
the northern coronal hole. David et al. (1998), using the Coronal Diagnostic Spectrometer
(CDS) and SUMER on SOHO, have determined electron-temperature gradients of 0.8 MK
around the limb, rising to a maximum of 1.0 MK at 1.5R, then falling to around 0.4 MK
at 1.3Rg. In an empirical study, Ko ef al. (1997) have stated that the electron temperature
profile should have a maximum temperature within 2.0R,. This is based on the notion that
solar wind ions flowing outward through the solar corona generally have their ionic fractions
“freeze-in” within 5.0 R . Accordingly, their results produce a temperature maximum (7yax)
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Figure 12 Electron-temperature profile along the western coronal Equator in Figurel 1.

of 1.5 x 10% K < Tyex < 1.6 x 10° K with the location of the temperature maximum (Ryax)
within 1.3R5 < Rmax < 1.5R. Fisher and Guhathakurta (1995) using the white-light coro-
nal observations from the Spartan 201-01 spacecraft and the ground-based K-coronameter
at Mauna Loa, Hawaii have determined coronal temperatures of 0.75—-1.0 MK at coronal
heights extending from 1.2—-1.5R. Warren (1999) measured the electron temperature us-
ing data from SUMER and the Transition Region and Coronal Explorer (TRACE) and using
the ionization balances of Arnaud and Raymond (1992) and Arnaud and Rothenflug (1985),
which are shown as Warren (1999) (1) and (2) in Figure 12, respectively.

5. Discussion

This technique provides the capability to produce electron-temperature maps of the solar
corona, which would be very useful in understanding coronal dynamics and setting the in-
nermost boundary conditions for interplanetary-medium models. Unfortunately, a totality
only provides a limited duration for any kind of measurements and limits our focus to the
low solar-coronal regions. With greater coronal heights, the F-coronal signal would become
significant and would require the use of polarizers to remove its contribution, which is not
feasible with the short durations of the totalities. Although a ground-based coronagraph
would overcome this time constraint, it will introduce the sky background, which could be
removed through the use of polarizers due to the non-polarized nature of the sky. In this
regard we are in the process of experimenting with this technique using the Solar-C coro-
nagraph located at the Mees Solar Observatory in Haleakala, Hawaii (Kuhn et al., 2003).
However, a space-based coronagraph would eliminate the introduction of sky brightness.
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Figure 13 Electron-temperature profile along the southern coronal Pole in Figure 11.

This technique could also be used in mapping the electron flow speeds through the use
of filters centered at 3987 A and 4233 A which is described in Reginald and Davila (2000).
However, here the requirements are more demanding with a noise level of 1% yielding an
uncertainty of 4200 kms~! on the electron bulk flow speed measurements. Nevertheless,
with current improvement in technology we should be able to improve upon that noise level.

We would also like to emphasize that these measurement of the coronal electron tem-
perature are based on electrons, which are the lightest particles in the corona. Also the only
atomic constant that is required in the modeling is the Thomson-scattering cross section,
which has been quantified to a very high degree of accuracy. Since the coronal measure-
ments described in this paper are subject to electron-based physics, it would be then inter-
esting to compare these same measurements obtained from ion-based physics. This would
enable us to ascertain whether these two types of measurements complement each other.

Another important coronal parameter that is required for the modeling is the electron-
density distribution along the line of sight. A study was made on the effects of using different
electron-density models found in the literature on the shape of the K-coronal spectrum. This
work was presented in Reginald, Davila, and St. Cyr (2004) and it was concluded that the
differences in the shapes were insufficient to alter the results. In this respect we can measure
the electron-density distribution at the time of the experiment by the measurement of the
coronal polarized brightness at three polarization angles. In the context of an eclipse the
only constraint that hinders this effort is the observation time. Thus having a space-based
ISCORE integrated on to a coronagraph would easily yield all of these three measurements,
namely the electron density, electron temperature, and electron bulk flow speed.
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