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Abstract

StronglHe T 1083 nim atomic linie signals iave been previously measured during
total solar eclipses at coronal heights above the lunar limb. This rather unex-
pected measurement has kindled a discussion about the hypothesized presence
of significant amounts of neutral helium at coronal conditions. We performed
spe he
newly built CHEESE instrument during the April 8th 2024 total solar eclipse to
test the presence of He I 1083 in the solar corona. We détected the He T1083;
the forbidden coronal line Fe XIIT 1074.7nm, as well as the chromospheric H T

. The chromospheric He I
1083 and H I 1093.8 nm Paschen-v lines are detected in the corona as well as

on the lunar dise. Our FGNESPONTOMNOESRoEoNHENIS
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1. Introduction

Previous eclipse and coronagraphic observations have shown the presence of He I
1083.0nm (He I 1083) atomic line emission in the solar corona, far away from any
notable prominence contribution (Kuhn et al. 1996). In particular, the eclipse
observations from Kuhn et al. (1996) show an omnipresent He I 1083 signal up
to a few solar radii above the limb, with the line width corresponding to coronal
temperatures, as was confirmed in following eclipse expeditions (Dima et al.
2016). This is a rather surprising finding, given that most of the helium should
be fully ionized under coronal conditions (Del Zanna et al. 2020). However,
coronagraphic observations with the Solar-C telescope at the Haleakala High
Altitude Observatory, Hawaii (Kuhn et al. 2007; Moise et al. 2010) detected He 1
1083 signal during Solar maximum in isolated coronal regions. The ubiquitous
He I 1083 emission during total solar eclipses was also recently confirmed by the
observations of Judge et al. (2019) during the Great American Solar eclipse of
August 21 2017. The origin of the He T has been widely debated in the literature,
given that the presence of a significant amount of neutral helium in the millions
degree corona is physically puzzling, as well as that the very limited observations
from the ground suffer from systematic uncertainties (Moise et al. 2010).

More recently, the METIS coronograph (Antonucci et al. 2020) on Solar
Orbiter (Miiller et al. 2020) observed prominence eruption material at distances
farther than 5 Rg, potentially originating from the He I D3 587.6 nm line (Heinzel
et al. 2023). The He I D3 587.6 nm atomic line is a subordinate line with its lower
energy state being the same one as the upper one of the He I 1083 (Centeno et al.
2008). From the modeling perspective, recent numerical work by Del Zanna et al.
(2020) presents a compelling evidence for bright He I 1083 signals in the lower
corona similar in brightness to the regularly observed Fe XIII 1074/1079 nm line
pair. This work showed how calculations including dielectronic recombination
allow for a significant population of neutral helium in the lower corona, but does
not explain the extensive (up to a few solar radii) He I 1083 emission observed in
Kuhn et al. (1996). All this evidence for coronal He I 1083 presents an intriguing
puzzle of what physical mechanism creates such an emission, and in particular
if this phenomenon is of solar origin.

Detecting coronal He T 1083 is an exciting prospect for coronal magnetometry,
based on the sensitivity of the He I 1083 to the coronal magnetic field through
the Hanle effect (Raouafi et al. 2016). Most of the previous coronal Hanle mag-
netometry work has been on the Hanle effect in the Ultraviolet (UV) part of
the spectrum (Raouafi et al. 1999, 2002), where many permitted atomic lines,
Hanle sensitive to the coronal field, are readily observed (Khan & Nagaraju
2022; Khan et al. 2024). However, UV polarimetry is extremely challenging and
currently unavailable for routine solar observations (Casini et al. 2023; Caspi
et al. 2023). The advantage of using He I 1083 for the purpose of Hanle-based
coronal magnetometry is the combination of its brightness and location in the
infrared (IR) part of the spectrum, making it readily observable with current
instrumentation (Molnar & Casini 2024). Furthermore, the He I 1083 magnetic
field sensitivity regime is very similar to the measured magnetic field strengths
in the solar corona (Yang et al. 2020).
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However, there is the well established observational finding that strong chro-
mospheric lines (such as the Ca II H/K and the H I Balmer series lines) are
observed in the solar corona during total solar eclipses in the blue part of the
visible spectrum (e.g. Grotrian 1934; Colacevic 1952; Migeotte & Rosen 1955;
Deutsch & Righini 1964). This puzzling finding dates back to the beginning
of the 20th century and invited two opposing physical explanations: cool, “dif-
fuse”, prominence material dispersed in the million degree corona (Bappu et al.
1972); or, a scattering origin of the signal in the local environment around Earth
(Caccin et al. 1971; Bappu et al. 1972). An eclipse experiment by Stellmacher
& Koutchmy (1974) showed strong evidence for the non-coronal origin of the
observed chromospheric lines in the blue part of the spectrum, by detecting
them contemporaneously on the lunar disc and in the solar corona. Stellmacher
& Koutchmy (1974) demonstrated that the cool chromospheric lines in the blue
part of the spectrum, seen on the lunar disc, have line width dependence on their
rest wavelength following a relation expected if they originated from Rayleigh
scattering in the terrestrial atmosphere. The recent observations by Judge et al.
(2019) also show a brightening of the He I 1083 emission closer to second and
third contacts, which agrees with the terrestrial atmospheric scattering origin
hypothesis.

The unsettled state of knowledge about the origin of the “diffuse” coronal
He T 1083 outlined in the previous paragraphs motivated us to perform eclipse
measurements of the near-IR coronal spectrum during the April 8 2024 eclipse
with the required spectral resolution and field-of-view to test the terrestrial
atmospheric scattering origin hypothesis. In particular, following the approach
from Stellmacher & Koutchmy (1974) we planned to observe the lunar disc
as well as the corona during the total solar eclipse on April 8 2024. We built
the Coronal HElium Emission Spectrograph Experiment (CHEESE) designed
specifically to have large field of view, to be able to observe both the lunar disc
and the corona, as well as high enough spectral resolution, crucial for resolving
the He I line and measuring its line width (Kuhn et al. 1996). In this paper we
present the results from the NCAR/HAO April 8 2024 eclipse expedition where
we deployed (CHEESE) to measure the diffuse He 1 1083 coronal component.
We describe the instrument design and the observational campaign in Section 2.
We present our findings in Section 3 and their implications in Section 4.

2. Observations
2.1. Instrument design

CHEESE is a diffraction grating spectrograph operating in the near-IR designed
to reproduce the previous observations of He I 1083 in the corona (Kuhn et al.
1996). The optical layout of the system is presented in Figure 1 panel (a). An
actual photo of the assembled spectrograph is shown in Figure 1 panel (b), with
some of the essential components labeled. We used a commercially available f/4
Newtonian Skywatcher Quattro 150P telescope with primary mirror of D=15cm
and focal length of 600 mm. A 40 pm slit was placed in the primary focus of the
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Figure 1. Overview of the CHEESE instrument. Panel (a): Optical layout of the CHEESE
instrument produced with the Zeemax software suite. The primary and secondary mirrors of the
Skywatcher Quattro telescope correspond to M1 and M2, the diagonal 90° mirror to M3, and
the two collimating lenses in the spectrograph are labeled as L1 and L2. Panel (b): CHEESE
during laboratory bench assembly in HAO/NCAR. The essential optical components and the
camera are labeled. Note that during the actual observations the spectrograph was housed
inside a thermally insulated light-tight enclosure to protect it from the ambient environment.

telescope while mounted on a helical focuser for fine position adjustments. We
used a Bausch and Lomb diffraction grating, with a blaze angle of 17.5° in
inverse configuration (i.e., at 72.5° blaze) with 600 lines/mm. The grating was
mounted on a 3D-printed adapter to a rotational stage for fine adjustment of
the beam incidence angle (and the resultant observed wavelength range). We use
two near-IR ThorLabs achromatic lenses (L1 and L2 in Figure 1) with 200 mm
focal length to illuminate the grating with the collimated beam and then image
the dispersed spectrum on the camera. Raptor IR Owl 1280 InGaS camera was
used for this experiment, suitable with its high quantum efficiency (QE 90% at
1 pum), large 10 pm pixel size, and low readout and thermal noise properties. The
camera has active internal cooling, which we enhanced with externally mounted
radiators. This allowed for the stable operation of the camera with the detector
cooled to a temperature of 1° C. Despite the ability of the camera to sustain
lower temperatures, we decided against running it below freezing to avoid any
condensation buildup on its entrance window.

We operated CHEESE in the second diffraction order for the best combination
of efficiency and dispersion. To reject overlapping orders on the detector, an
additional 980 nm high pass order sorting filter is required, which was mounted
right before the camera body, to remove contribution from higher orders; on
the upper end of the wavelength range, the camera QE efficiency drops to effec-
tively zero above 1.8 pum, which effectively rejects the overlapping lower order
contributions. The resulting spectrograph has predicted spectral resolution of
R ~ 9,600 and a plate scale of 3.43” /pixel. Given an estimated vignetting of 0.9,
we estimated He I 1083 signal-to-noise ration (SNR) of a few hundred after 1
minute of integration under coronal conditions, such as the ones described in
Kuhn et al. (1996). The 1cm slit of CHEESE spans 58 on the plane of the
sky, allowing for sampling of both the lunar disc and the corona simultaneously,
as shown in Figure 2. CHEESE was mounted on a Losmandy GM-8 equatorial
mount with a Gemini-1 guiding system; the telescope and spectrograph weigh
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about 23 pounds, well below the limit of the guiding system and light enough
for swift (re-)deployment, as proved necessary during our expedition. The 3D
printed slit and diffraction grating mount designs are publicly available in the
repository associated with this publication !.

2.2. Observational campaign

(a) MLSO K-Cor + AIA 1600 A b) MLSO K-Cor + AIA 304 A
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Figure 2. Composite coronal images from the MLSO/K-Cor and SDO/AIA instruments of
the observed regions with CHEESE during the eclipse at 2024 April 8 13:00 UT. Panel (a):
solar disc is from the ATA 1600 A channel; Panel (b): same as panel (a) for the ATA 304 A
channel. The corona above 1.01 R is imaged by the MLSO/K-Cor white light coronograph
on April 9 2024, the day after the eclipse. The magenta dashed line corresponds to the the
approximate slit location during the CHEESE calibration and the cyan dotted line shows the
approximate slit location during totality.

The NCAR/HAO expedition observed the total solar eclipse from Dardanelle,
Arkansas, USA at geographical coordinates N 35°12'14.7” W 93°1216.5”. Our
original intent was to observe the eclipse from a location close to San Antonio,
Texas, based on the historically favorable climatological record. However, adverse
weather forecasts led us to relocate our eclipse observing campaign to Dardanelle,
AR. We set our instruments on the night before the eclipse (April 7-8 2024) with
clear skies allowing us to align our mounts. The weather during the eclipse was
stable with thin high cloud cover present during totality.

Overview of the solar coronal conditions on the day of the ecilpse is shown
in Figure 2, where composite images with data from SDO/ATA (Lemen et al.
2012) from April 8 2024 and the whitelight coronograph from the Mauna Loa
Solar Observatory (MLSO) K-Cor (de Wijn et al. 2012) from April 9 2024 (the
day after the eclipse) are combined. The MLSO K-Cor observes the whitelight
continuum corona in the region of 780 nm and the data product which we show
in Figure 2 has a normalized radial gradient filter applied. We have indicated on

Thttps://github.com/momomolnar/CHEESE-data
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Figure 3. Calibration on-disc data taken at 13:23 UT Apr 8 2024. Panel (a): full CHEESE
spectrum with dispersion correction applied. The absorption lines used for the dispersion and
rotation corrections are marked as thin dashed lines. Panel (b): the region around the He I
1083, where the Si I 10827 A and He I 1083 lines are clearly seen. The dashed magenta lines
mark the region used for studying the average spectral properties (see next panel ). Panel
(c): Averaged CHEESE observation (blue dots) compared with an instrument model based
on solar atlas data (dashed orange).

Figure 2 the approximate locations of the CHEESE slit during the calibration
process as the dashed magenta line, and its approximate location during the
eclipse observations as the dotted cyan one.

We used the sunspot group associated with NOAA AR 13628, located close to
disc center, to act as a fiducial line to remove the image rotation of the spectrum
on the detector, which was measured to be about 1.5°. The wavelength disper-
sion of the spectrograph was then determined by finding the precise location
of 17 known spectral infrared lines using the atlas of Dellbouille et al. (1981),
hosted online on the BASS2000 webpage?. The calibration spectral lines are
shown in panel (a) of Figure 3 as the thin dashed colored lines. We chose the
particular calibration lines to be well separated from the surrounding (complex)
spectral features and blends. We computed the dispersion of our spectrograph
by fitting the centroids of the reference spectral lines and then fitting a parabolic
dispersion relationship for each row of the detector. Then, for every image row
the parabolic wavelength dependence was used to resample the data uniformly
in wavelength. The resulting uniformly sampled spectrum is shown in panels (a)
and (b) of Figure 3. The wavelength dispersion mapping we found was smooth
across the detector, showing the fidelity of the recovered spectra.

In panel (b) of Figure 3 we demonstrate the presence (and detectability) of
He I 1083 as well as the nearby Si I 1082.7 nm lines observed on the solar disc.
In particular, note the He I 1083 line going into emission above the solar limb,
noted as the brightening in it in the continuum averaged spectrum in panel

2https:/ /bass2000.obspm.fr/
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(b) of Figure 3. In panel (c) of Figure 3 we present a comparison between the
CHEESE data and the solar atlas from Neckel (1999). The average spectrum
of the data between the cyan curves in panel Figure 3 (b) is shown as the
blue dots in panel (¢), and the solar atlas fits are presented as the orange line.
We fitted the solar atlas to a subsample of the CHEESE data in panel (b) of
Figure 3 marked as the region between the magenta dashed lines. We fitted the
atlas data by rescaling its intensity level, including a scattered light component
(flat background), and degrading it with a spectral resolution (a Gaussian line
spread function) with its width kept as a free parameter. The resulting fit gave
us an estimate of the effective resolving power of the spectrograph as well as an
estimate of the amount of scattered light, based on the flat (gray) component
needed to be included to fit the spectrum to the atlas. Based on the fitting of
the solar atlas spectrum to our measurements we estimated that CHEESE was
observing with an effective spectral resolution of about R ~ 7000. This effective
spectral resolution shows that our spectrograph behaves similarly to its designed
specification; most importantly it is able to detect (and resolve) the He I 1083
line successfully.

3. Results from the eclipse observations

During the eclipse, we pointed our instrument towards the east solar limb where
a bright streamer was present on the day of the eclipse, as shown in Figure 2. We
chose this pointing to maximize the likelihood of detecting coronal He I signal,
by observing a coronal region of enhanced plasma density.

The CHEESE data collected during the eclipse totality suffered from a dy-
namic range issue due to the internal data reduction performed onboard the
camera. This step reduced the camera dynamic range to be effectively 12-bit
compared to the detector well depth of 16 bits. Since our slit was crossing
the chromosphere, bright chromospheric material (~10° uBg) in the He T 1083
drove the response of the camera such that the anticipated weak coronal signals
(~10 uBg) were outside of the effective dynamic range of the camera. Hence, we
did not detect any coronal signals until the chromosphere was completely covered
by the lunar disc, close to third contact for our east-pointing slit configuration.
During the time period around third contact, the Moon covered almost all of the
previously visible bright chromospheric signal and our measurements started to
exhibit the coronal Fe XIII 1074.7 nm line, as well as the other spectral signals
described below. We co-added 125 exposures (10 seconds of effective exposure
time) taken between 18:54:17-18:54:28, which is 10 seconds after third contact
for the exact observing location. Since we were observing on the east limb, our
slit was not crossing the flash spectrum.

The CHEESE data from the totality are shown in Figure 4. We have applied
the wavelength dispersion mapping from the on-disk calibration observations
taken earlier in the day, presented in Figure 3. Panel (a) of Figure 4 shows the
full detector spectrum averaged over the time period between 18:54:17-18:54:28
UT. The approximate location of the lunar limb is the green dashed line, and
one can clearly see the He I 1083 line, observed both above and below the limb.
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However, the coronal Fe XIII 1074.7 nm line is only detected above the solar limb,
in the coronal region of the data. Note that over the temporal averaging window,
the lunar limb moves about 1.2 arcmin in the upward direction of Figure 4 panel
(a); hence care should be taken in the interpretation of the region close to the
limb. Furthermore, the H I 1093.8 nm Paschen-v line is detected clearly on the
lunar disc and not so much in the coronal region, due to the increased background
and noise levels, as shown in panels (a) and (d) in the Figure 4. We note that
the detection of those lines is further supported by the precise coincidence of
their detected wavelength locations, as shown in panels (b)-(d) of Figure 4.

We measured the line width of the Fe XIII 1074.7 and the He I 1083.0 lines
by fitting their spectral shapes after averaging over 3 pixels along the slit. We
fitted the line profiles with Gaussian line shapes and a linear background to
take into account the varying background continuum level. The results from
the line fitting are shown in panel (e) of Figure 4, where the line width of the
Fe XIIT 1074nm and the He I 1083 nm lines are shown as the orange and blue
markers, as well as the He I 1083 line intensity shown in green. The standard
deviation of the inferred parameters, provided from the Levenberg—-Marquardt
fitting routine, are presented as the error bars in the figure. We note that on
average the coronal Fe XIIT 1074nm line width agrees with the previous work
by Schad et al. (2023). In particular, applying Equation 14 from Schad et al.
(2024) to estimate the plasma temperature responsible for the line width of the
lines (assuming no thermal broadening), the Fe XIII 1074 line hints at coronal
formation temperatures of ~10° K. However, the observed He I 1083 line width
in the corona is significantly lower than the line width of the Fe XIIT 1074 nm;
based on the aforementioned approach used, the plasma temperature responsible
for the thermal broadening of the He I 1083 in the corona is on the order of 10° K.

Also, one should note that the He 1 1083 intensity and line width are increasing
on the lunar disc toward the bottom of the slit. This directional dependence of
the He I 1083 line intensity corresponds to a decreasing separation of the slit
from the flash spectrum. Both of those evidence suggest terrestrial atmospheric
scattering origin of the observed He I 1083 signal.

4. Conclusions

We present the first results from the CHEESE experiment during the April 8
2024 solar eclipse. We designed and built a near-IR spectrograph with sufficient
resolution to observe the He I 1083 nm line, and to test the origin of the “diffuse”
neutral helium corona. Testing this hypothesis drove the design requirements of
CHEESE, in particular the need for sufficient spectral resolution to be able to
discern the thermal width of the line and a large enough field of view to be
able to observe a significant part of the lunar disc and the corona at the same
time. We built a classical slit spectrograph with R ~ 9000 in its current setting
(depending on the width of the slit used) as shown in Section 2.1.

We deployed successfully CHEESE at Dardanelle, AR during the April 8th
2024 total solar eclipse. Our calibration measurements of the solar disc showed
that the instrument met its design requirements. In particular, we were able
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Figure 4. Results from the eclipse observations. Panel (a): Processed CHEESE spectrum
obtained during the total solar eclipse between 11:54:17 - 11:54:28 UT on April 8th 2024. In
total we had. Note the ever present He I 1083.0 nm line, as well as the Fe XIIT 1074 nm line. A
very dim spectral line is detected at the precise location of the chromospheric H I Paschen-v
1093.8 nm line. Panels (b)-(d): Zoom in over the detected spectral lines in the CHEESE
data, in order: (b) Fe XIII 1074.7 nm; (c¢) He I 1083.0nm; (d) H I Paschen-y 1093.8 nm. The
cyan line marks the reference wavelength. Panel (e): Line width in Angstrom of the detected
He I 1083 (in blue) and the Fe XIII 1074 nm line (in orange), and the He I 1083 line intensity
(green).

to observe the He I 1083 on the disc right before the eclipse with sufficient
spectral resolution to discern it from the nearby Si I 1082.7 nm line. Despite
the technical difficulties during the eclipse, described in Section 3, CHEESE
managed to collect data successfully. As shown clearly in Figure 4, we observed
the coronal Fe XIII 1074.7 nm line, as well as the He I 1083 and the H I Paschen-
~ 1093.8 nm lines. The coronal Fe XIIT 1074.7 nm line was observed only above
the lunar limb in the solar corona, whereas the strong chromospheric lines were
observed both above the limb and on the lunar disc.

Similarly to the conclusions in Stellmacher & Koutchmy (1974) for the chro-
mospheric lines in the blue part of the visible spectrum, we believe that we
observed during the total solar eclipse observations a local (between us and
the lunar surface) origin of the He I 1083 (and the H I Paschen-y line) due
to its presence on the lunar disc. This agrees well with the temporal variation
of the He I 1083 intensity shown by Judge et al. (2019) close to second and
third contacts. We do not anticipate an terrestrial exospheric origin of the signal
(Lammer et al. 2022), coming from He I ions, because this cannot explain readily
the presence of the previously observed lines of Ca II in the blue part of the
spectrum by Stellmacher & Koutchmy (1974). However, this observation grants
a further repeat of this observations and we believe measurements above (much
of) the atmosphere, in conditions of significantly lower sky brightness, such as the
CORSAIR balloon, would judge a definitive verdict on the scattering hypothesis
we further in this work.
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In conclusion, we believe that our measurements support the idea that the
previous work on eclipse He I 1083 signals in the strong corona are originating
from the local environment between the lunar disc and our slit. In particular,
following up on the previous work by Stellmacher & Koutchmy (1974) who
measured the brightness of the scattered Hydrogen Balmer series lines on the
lunar disc, we believe we observe a similar phenomenon. However, since we are
observing in the near infrared part of the spectrum the contribution from Mie
scattering should be also noted, compared to the Rayleigh scattering case of
Stellmacher & Koutchmy (1974) in the blue part of the spectrum they observed.
We believe that our measurements affirm the terrestrial atmospheric origin of
the “cool” helium corona.
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