SCIENCE CHINA

Physics, Mechanics & Astronomy

@ CrossMark
é

« Article .

Special Topic: The Chinese Hx Solar Explore—CHASE Mission

August 2022 Vol. 65 No. 8: 289603
https://doi.org/10.1007/s11433-022-1900-5

Calibration procedures for the CHASE/HIS science data

Ye Qiu'?, ShiHao Rao'?, Chuan Li!**, Cheng Fang'?, MingDe Ding!**, Zhen Li'?,
YiWei Ni'2, WenBo Wang'?, Jie Hong!?, Qi Hao'?, Yu Dai'?, PengFei Chen'?, XiaoSheng Wan'?,
Zhi Xu?®, Wei You*, Yuan Yuan*, HongJiang Tao’, XianSheng Li°>, YuKun He?, and Qiang Liu’
1School of Astronomy and Space Science, Nanjing University, Nanjing 210023, China;
2Key Laboratory for Modern Astronomy and Astrophysics (Nanjing University), Ministry of Education, Nanjing 210023, China;
3 Yunnan Observatories, Chinese Academy of Sciences, Kunming 650216, China;

4 Shanghai Institute of Satellite Engineering, Shanghai 201109, China;
3 Changchun Institute of Optics, Fine Mechanics and Physics, University of Chinese Academy of Sciences, Changchun 130033, China

Received March 4, 2022; accepted March 29, 2022; published online July 1, 2022

The He line is an important optical line in solar observations containing the information from the photosphere to the chromo-
sphere. To study the mechanisms of solar eruptions and the plasma dynamics in the lower atmosphere, the Chinese Hx Solar
Explorer (CHASE) was launched into a Sun-synchronous orbit on October 14, 2021. The scientific payload of the CHASE
satellite is the Hx Imaging Spectrograph (HIS). The CHASE/HIS acquires, for the first time, seeing-free Hx spectroscopic obser-
vations with high spectral and temporal resolutions. It consists of two observational modes. The raster scanning mode provides
full-Sun or region-of-interest spectra at Hx (6559.7-6565.9 A) and Fe I (6567.8-6570.6 A) wavebands. The continuum imag-
ing mode obtains full-Sun photospheric images at around 6689 A. In this paper, we present detailed calibration procedures for
the CHASE/HIS science data, including the dark-field and flat-field correction, slit image curvature correction, wavelength and
intensity calibration, and coordinate transformation. The higher-level data products can be directly used for scientific research.
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1 Introduction

Since the very first observations of solar Hx telescopes [1],
the Hx line has always been an important line used in the
spectral and imaging solar observations. In quiet Sun, the
Ho line is among the strongest and broadest optical lines. In
the regions of solar activities like solar flares, the Ho line can

*Corresponding authors (Chuan Li, email: lic@nju.edu.cn; MingDe Ding, email:
dmd@nju.edu.cn)

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

become an emission line with its strength related to the heat-
ing extent of the plasma where the line originates. The im-
ages at the Hx center reflect the chromospheric character-
istics and the quiescent filaments, while the far wings carry
information of the photosphere, as well as the erupting fil-
aments [2]. The Hx line asymmetries, mostly appearing in
solar flares, reflect the plasma dynamics in the chromosphere.
Therefore, the variations of the line profile and the deduced
Doppler velocities provide information of the local plasma
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temperature and nonthermal motions [3-6].

It is well known that the ground-based solar telescopes,
such as the Optical and Near-infrared Solar Eruption Tracer
(ONSET) [7], the New Vacuum Solar Telescope (NVST)
[8], the Kanzelhohe Observatory (KSO) [9], and the under-
construction 2.5 m Wide-field and High-resolution Solar
Telescope (WeHoST) [10], suffer from the seeing and
weather effects arising from the Earth’s atmosphere, and can-
not provide all-day observations. Thus it is important to con-
duct solar observations in space, for instance, the Chinese
space missions such as the FY-3E satellite [11], the Chinese
Ho Solar Explorer (CHASE) [12,13], and the to-be-launched
Advanced Space-based Solar Observatory (ASO-S) [14].

The CHASE mission aims to test an ultra-high precision
and stability satellite platform [15], and to perform solar Hx
spectroscopic observations that are important for exploring
the plasma dynamics in the solar lower atmosphere. Obser-
vations of the full Sun are also useful in the Sun-as-a-star
studies that provide implications to stellar physics [13]. The
scientific payload onboard the CHASE satellite is the Ha
Imaging Spectrograph (HIS) [16]. Since its launch on Octo-
ber 14, 2021 and the first-light imaging on October 24, 2021,
the in-orbit performance of CHASE/HIS has been excellent.
This paper presents detailed calibration procedures from the
raw data to the higher-level products, and aims to help users
better understand the science data of the CHASE mission.

2 CHASE data overview

The CHASE/HIS has two observational modes: the raster
scanning mode (RSM) and the continuum imaging mode
(CIM). The RSM acquires the spectra of full-Sun or region-
of-interest in two wavebands of Ho (6559.7-6565.9 A) and
Fe 1 (6567.8-6570.6 A) with high spectral and temporal res-
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olutions. The broad range of wavelength helps capture the
phenomena occurring from the photosphere to the chromo-
sphere, and the high spectral resolution allows obtaining fine
structures in the line profile and deriving the Doppler ve-
locities of the solar lower atmosphere precisely. The tem-
poral resolutions of the full-Sun scanning, region-of-interest
scanning and sit-stare spectroscopy are 1 min, 30-60 s and
<10 ms, respectively. The CIM acquires photospheric im-
ages at the continuum around 6689 A with a full width at half
maximum (FWHM) of 13.4 A and a temporal resolution of
1 s. The CIM is designed for observing solar activities in the
photosphere and testing the stability of the CHASE satellite
platform.

The raw data of the CHASE/HIS are JPEG2000 com-
pressed in orbit. They are transmitted to three ground sta-
tions (Miyun, Kashi, and Sanya) located in China, and trans-
ferred to the Solar Science Data Center of Nanjing University
(SSDC-NIJU) through dedicated internet access. The Level O
data are decompressed from the raw data, and then calibrated
to the Level 1 data that can be directly used for scientific
purposes. The higher-level products, such as the absolute-
intensity spectra and the Dopplergrams, can be further de-
rived based on the RSM Level 1 data. Figure 1 shows the
calibration flows from the raw data to the Level 1 data or the
higher-level products for the two observational modes. The
following sects. 3 and 4 describe the detailed pipelines for
the RSM and CIM data, respectively.

3 Processing pipeline for RSM data

The RSM Level 0 spectra are archived as 4608 x 376 arrays,
where the number 4608 refers to the pixels along the slit and
376 refers to the pixels of wavelength. A full-Sun scanning
produces ~4625 spectra totally and generates ~14.9 GB data.
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Figure 1 The data calibration flow diagram for the two observational modes of the CHASE/HIS.
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The Level 0 spectra cannot be directly used for scientific re-
search. Processing RSM Level 0 data to the Level 1 science
data or higher level products involves several steps. The fol-
lowing subsections describe in detail the processing pipeline
for RSM data.

3.1 Dark field

The dark field is the signal output of the detector without ex-
ternal light source. It is mainly composed of bias (also named
digital offset), readout noise and dark current. The first two
are the inherent properties of the detector, while the dark cur-
rent arises from the thermal motion of electrons.

We have obtained the dark field of RSM with the satellite
pointing to a cold space away from the Sun. The HIS filter
assembly and the slit-raster system ensure that the light from
other stars hardly produces signals to the detector. The dark
field, as shown in Figure 2(a), is an average of over 1000 im-
ages taken on October 24, 2021. The exposure time of the
dark-field images was 5 ms, and the working temperature of
the CMOS detector was 13.25°C. The RSM detector applies
a window of 4608 pixels along the slit and 376 pixels along
the wavelength. The black line in Figure 2(a) separates the
two passbands of Ha and Fe 1. The normal distribution of
dark field values is shown in Figure 2(b). The mean value is
~132.3 DN that is about 3% of the maximum DN according
to the 12 bit quantization of the CMOS detector.

3.2 Flat field and slit image curvature

The flat field of RSM includes the systematic vignetting, the
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Figure 2 (a) The dark field of RSM obtained on October 24, 2021. (b) The
normal distribution of dark field values.
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artifacts on the slit and detector, and the intensity patterns due
to irregularities of the slit width. To obtain the flat field, we
first gradually move the central part of the solar disk along
the slit, during which a series of center-positioned spectra
are recorded. This process was carried out in less than 1 min
by pointing the satellite from one side of the Sun along the
diameter to the other side. The center-positioned spectra do
not contain the information of solar limb darkening and so-
lar differential rotation. They are then stitched into one solar
central spectrum by using the weighted average fusion algo-
rithm, as shown by Figure 3(a).

As shown in Figure 3(a), in the original slit-wavelength
plot, the slit image is not straight but curved symmetrically.
The slit image curvature arises from the effects of off-axis
optics and the diffraction of plane grating [17], which is a
common phenomenon in compact spectrographs with short
focal lengths. The curvature of the slit image implies an off-
set of the observed wavelength with respect to the real one,
which can be described by a quadratic function:

A= cd(x—x0)* + A, (1)

where A’ and A are the observed and real wavelengths at
specific pixel positions, xg is the pixel position of axis of
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Figure 3  (a) The solar central spectrum stitched by a series of center-
positioned spectra observed on December 23, 2021. (b) The solar central
spectrum after correcting the slit image curvature. (c) The flat field of RSM.
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symmetry in the bending slit image, and c is a constant coef-
ficient determined by the properties of the slit-raster system.
It can be found that the larger the wavelength is, the stronger
the bending of the slit image is. For each of the H«x, Si I,
and Fe I lines, we fit the curved slit image to get the position
of the axis of symmetry. The constant coefficient ¢ is de-
termined from the experimental data by using a wavelength
tunable laser. After that, we can correct the curvature effect
in the original slit-wavelength plot. Figure 3(b) shows the
curvature-corrected solar central spectrum.

To derive the flat field, we need further to remove the spec-
tral information of He, Si I, and Fe I lines by using the so-
called mean profile method [18, 19]. To do so, we divide the
solar central spectrum by a mean spectrum that is an average
over the slit. Figure 3(c) shows the final flat field of RSM
based on the spectra of the central part of the Sun observed on
December 23, 2021, which contains artificial features such as
the bright and dark stripes due to irregularities of the slit, and
the non-uniform responses on the detector. The dark and flat
fields are scheduled to be updated once a month.

3.3 Wavelength and intensities

Figure 4(a) shows the He, Si I, and Fe I spectral profiles av-
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eraged near the solar disk center during the full-Sun scanning
at 00:52:49-00:53:35 UT on October 24, 2021. The dashed
lines mark the line cores calculated by the centroid method.
The pixel spectral resolution is derived to be ~0.024 A by
performing a linear fitting to the air wavelengths of line cores
as a function of the corresponding pixel positions, as shown
in Figure 4(b). It is consistent with the result obtained from
experiments done in the laboratory. The instrument spectral
resolution or the spectral FWHM is ~0.072 A. The pixel spa-
tial resolution is 0.52 arcsec.

In the observed spectra, there also appears a systematic
increase in the intensity with wavelength, which is mainly
caused by the instrument. To correct such an intensity non-
uniformity, we assume a linear correction factor with wave-
length. Figure 4(c) shows the linear fitting to the ratio of con-
tinuum part of the CHASE/HIS spectra to that of the spectra
of BASS2000V. The fitting result can be used to correct the
systematic intensity non-uniformity.

The corrected spectral profiles are shown as the or-
ange curves in Figure 4(d), which coincide well with the
BASS2000 profiles, except for slightly wider wings and shal-
lower cores. This small difference probably arises from the
different instrumental profiles [20]. The absolute intensities
of the spectra for the quiet Sun can be found in Allen’s Astro-
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Figure 4 (a) Original spectral profiles of Si I, Hx and Fe I lines. The dashed lines mark the positions of line cores. (b) Linear fitting of the wavelength with
respect to the line core positions yielding the pixel spectral resolution. (c) Linear fitting of the continuum ratio between the CHASE/HIS spectra and the spectra
of BASS2000, yielding a correction factor to the intensity non-uniformity along wavelength. (d) Comparison between the calibrated spectral profiles and the
ones from BASS2000.

1) https://bass2000.obspm.fr/solar_spect.php
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physical Quantities [21]. For instance, the intensity at the
continuum around 6500 A is 2.88x10° erg s™! cm™2 A~! sr7!.
Therefore, the absolute intensities of the observed spectral
lines of CHASE/HIS can be calibrated according to the con-
tinuum intensities.

3.4 Coordinates

The quarternions are widely used as the attitude parameters
of a satellite or a payload. They are defined as gy = cos(u/2),
q1 = Isin(u/2), go = msin(u/2), and g3 = nsin(u/2), where
u represents the rotation angle of the vector (I, m,n). Using
the quarternions of CHASE/HIS, we can derive the transfor-
mation from the instrumental coordinates to the J2000 equa-
torial coordinates [22]. To do this, we first obtain the three at-
titude angles of the CHASE/HIS by using the expressions of
y = —arcsin(2q1g3—2qoq2), 6 = arctan[(2g2g3 +240q1)/ (g5 -
43— q3+q3)], and y = arctan[(2q142 + 24093)/ (4} + 4} — 45 —
q%)]. The instrumental coordinates are then converted to the

J2000 equatorial coordinates via the rotation matrix:
Ryt =
cosycosy sinfsinycosy —cosfsiny cossinycosy + sin 6 siny
cosysiny sin@sinysiny + cosfcosy cosfsinysiny —sinfcosy |.
—siny

sinfcosy cosfcosy

@

If a normalized vector on the image observed by CHASE/HIS
is expressed as (x, z)", then

COS d COS X X
cosdsino | = Ryt [0, 3
sin b4

where § and « refer to the latitude and longitude of this vec-
tor in the J2000 equatorial coordinates. It should be notice
that, if all the three attitude angles are set to be zero degree,
the instrument pointing is parallel to the y-axis of the J2000
coordinates with the top of images on the detector parallel to
the z-axis.

After transforming the CHASE/HIS coordinates, we can
determine the plane of sky of the detector, through which
we calculate the BO angle, i.e., the heliographic latitude of
the solar image center, and the image rotation angle rela-
tive to the Solar North Pole (SNP). Here we adopt the SNP
(xg = 286.13°, 6p = 63.87°) given by Archinal et al. [23].
In the FITS file headers of the Level 1 data, the key word
INST_ROT refers to the clockwise angle of the SNP relative
to the image top of the CHASE/HIS, and the keyword B0
refers to the heliographic latitude of the solar disk center.

3.5 RSM data products

Figure 5(a) shows an example of the Level 0 RSM spectrum
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Figure 5  (a) The Level 0 RSM spectrum observed at 06:01:27 UT on

December 22, 2021. (b) The calibrated Level 1 RSM spectrum.

observed at 06:01:27 UT on December 22, 2021, when the
slit was scanning over the solar disk center. The Level 1 RSM
spectrum is produced from the Level O data via the calibra-
tion procedures introduced above, including dark-field and
flat-field correction, slit image curvature correction, wave-
length and intensity calibration, and coordinate transforma-
tion. Figure 5(b) shows the Level 1 RSM spectrum, from
which one can clearly find the features of the solar limb dark-
ening, an active region and a sunspot. The present calibra-
tion procedures do not include the correction of bad pixels or
spikes arising from high-energy particles. It should be con-
sidered in near future according to the actual situations of
particle contamination.

The Level 1 RSM spectra are separately archived as two
3-dimensional FITS files for the Hx and Fe I passbands, re-
spectively. The three dimensions refer to the pixels along the
slit, the wavelength, and the scanning steps, respectively. For
a specific wavelength, one can plot a full-Sun or region-of-
interest image at this wavelength. Figure 6(a) and (b) display,
for example, a photopheric image at 6569.2 A and a chromo-
spheric image at 6562.8 A observed at 06:01:05-06:01:52 UT
on November 22, 2021. One can find clearly the sunspots,
filaments, and plages. The Movies 1 and 2 in Supporting In-
formation display the full-Sun spectroscopic images in the
wavebands of Ho and Fe I, respectively.

Based on the Level 1 RSM spectra, higher-level prod-
ucts can be further derived for specific scientific objectives.
For example, we can derive simultaneously the full-Sun or
region-of-interest Dopplergrams in the photosphere and the
chromosphere. The high spectral resolution of HIS instru-
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Figure 6 (a) The full-Sun photospheric image at 6569.2 A on December 22, 2021. (b) The chromospheric image at 6562.8 A. (c) The full-Sun photospheric
Dopplergram derived by using the Fe I spectral line. (d) The full-Sun chromospheric Dopplergram derived by using the Hx spectral line. The blue and red
arrows indicate the y-axis of the detector and the solar north pole. The angle between these two arrows is 14.1°.

ment can sure a high accuracy in the derived velocity field.
Figure 6(c) and (d) display the full-Sun photospheric and
chromospheric Dopplergrams. Note that the Doppler veloci-
ties are calculated by using the cross-correlation method. The
reference profile is taken to be an average profile over a cen-
tral region of the solar disk. The accuracy of the velocity field
is estimated to be ~0.06 km s~!. Therefore, the photospheric
and chromospheric differential rotation from the poles to the
equator can be clearly distinguished.

4 Processing pipeline for CIM data

The CIM Level 0 data are archieved as 5120 x 5120 arrays.
The temporal resolution of the CIM is 1 s, and the pixel
spatial resolution is 0.52 arcsec. After corrections for the
dark field, flat field and transformation to heliographic coor-
dinates, the CIM Level 1 data are released to the users.

The dark field of CIM is obtained by using the same
method as the RSM. The flat field of CIM is calculated with

the KLL method [24], which was widely applied in several
other solar space missions [25-28]. This method requires
multiple images centered at different positions of the Sun by
changing the satellite pointing. Here we take nine images
with one positioned at the disk center and the other eight
at the limb. All the images are taken within 15 min, dur-
ing which we assume no activities occur in the photosphere.
These images are then input into the KLL iterative algorithm
to produce the flat-field image. We carry out 10 iterations for
each flat-field image. Figure 7(a) and (b) show the CIM dark
field and flat field obtained on November 14, 2021. The CIM
Level 0 image and calibrated Level 1 image are displayed in
Figure 7(c) and (d), respectively. The dark-field and flat-field
images are scheduled to be updated once a month.

5 Summary

The CHASE satellite was successfully launched on October
14, 2021. Its first-light imaging was obtained on October 24,
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Figure 7 (a) The dark field of CIM obtained on 24 November, 2021. (b) The flat field of CIM. (c) Original photospheric image observed at 02:02:40 UT on
November 25, 2021. (d) Calibrated photospheric image. The blue and red arrows indicate the y-axis of the detector and the solar north pole. The angle between

these two arrows is 136.7°.

2021. Since then, the HIS instrument onboard the CHASE
mission operates well as expected. After a commission phase
of about 5 months, CHASE has started its routine observa-
tions. The first set of data has been calibrated and analyzed
recently. The Level 1 science data in FITS format will be
available to the community through the website at SSDC-
NJU (https://ssdc.nju.edu.cn).

CHASE mission is supported by China National Space Administration.

Supporting Information

The supporting information is available online at http://phys.scichina.com
and https://link.springer.com. The supporting materials are published as
submitted, without typesetting or editing. The responsibility for scientific
accuracy and content remains entirely with the authors.
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