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Abstract: The Korea Astronomy and Space Science Institute plans to develop a coronagraph in collabo-
ration with National Aeronautics and Space Administration (NASA) and to install it on the International
Space Station (ISS). The coronagraph is an externally occulted one-stage coronagraph with a field of view
from 3 to 15 solar radii. The observation wavelength is approximately 400 nm, where strong Fraunhofer
absorption lines from the photosphere experience thermal broadening and Doppler shift through scatter-
ing by coronal electrons. Photometric filter observations around this band enable the estimation of 2D
electron temperature and electron velocity distribution in the corona. Together with a high time cadence
(<12 min) of corona images used to determine the geometric and kinematic parameters of coronal mass
ejections, the coronagraph will yield the spatial distribution of electron density by measuring the polarized
brightness. For the purpose of technical demonstration, we intend to observe the total solar eclipse in
August 2017 with the filter system and to perform a stratospheric balloon experiment in 2019 with the
engineering model of the coronagraph. The coronagraph is planned to be installed on the ISS in 2021
for addressing a number of questions (e.g., coronal heating and solar wind acceleration) that are both
fundamental and practically important in the physics of the solar corona and of the heliosphere.
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1. INTRODUCTION

A coronal mass ejection (CME) is an abrupt, tremen-
dous explosion of hot coronal plasmas, and can even be
a threat to near-Earth environments especially when
it interacts with Earth’s magnetosphere. One of the
severe effects of solar CME is the occurrence of geo-
magnetic storms, which can cause a variety of nega-
tive effects such as the disruption of electrical systems
and communications, satellite hardware damage, mal-
function of navigation systems, and radiation hazards
affecting humans. In order to be prepared for such se-
vere disruptions caused by CMEs, constant monitoring
of solar activity and space environment conditions is
crucial, and a coronagraph is the most essential instru-
ment for such purposes. However, the Large Angle and
Spectrometric Coronagraph (LASCO) aboard the So-
lar and Heliospheric Observatory satellite (SOHO), the
only coronagraph currently in operation for CME ob-
servations in the Sun–Earth path, is more than 20 years
old and is facing a discontinuance of operation in the
near future.
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So far this white light coronagraph has contributed
to the increase of our knowledge about CMEs such
as structures (e.g., Illing & Hundhausen 1985), angu-
lar widths (e.g., Howard et al. 1985), and velocities
(Yashiro et al. 2004). In the middle of a general consen-
sus in the international solar physics community about
the requirement of a new space-based coronagraph, Na-
tional Aeronautics and Space Administration (NASA)
suggested the cooperative development of a next gener-
ation compact coronagraph for the International Space
Station (ISS) to the Korea Astronomy and Space Sci-
ence Institute (KASI) in 2013. While current corona-
graph images provide electron density, the new coron-
agraph will utilize spectral information to also deter-
mine the electron temperature and flow velocity. Mo-
tivated by this suggestion, KASI conducted a planning
study on a compact coronagraph for ISS in 2013 and
subsequently a precedent study on the coronagraph in
2014. Furthermore, KASI and NASA organized a work-
ing group between the Solar and Space Weather Group
in KASI and Heliophysics Division in NASA for an effi-
cient and active collaboration. KASI started a new five-
year space project to develop the coronagraph for the
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ISS from 2017 in collaboration with NASA. Through
this space project, KASI expects to contribute to the
excellent scientific achievements of the solar community
in the research fields of solar corona and CMEs. This
coronagraph would be suitable for tracking wind speeds
continuously in the acceleration region. Furthermore,
the outcome of this project will contribute significantly
to space weather forecasting for the long-term aim of
public safety and protection of our space assets.

The Next Generation Coronagraph (NGC) devel-
oped through this project is expected to expand the cur-
rent capability of coronagraph such as SOHO/LASCO.
The new coronagraph derives new physical parameters
that cannot be obtained using the current instrument.
This will enable studies on solar wind dynamics includ-
ing wave processes and turbulence, CME kinematics,
and significantly improve the heliospheric corona-solar
wind-CME model.

The rest of the paper is organized as follows. In
Section 2, we briefly describe the scientific context and
motivation. The mission overview of our project is pre-
sented in Section 3, and the instrument and evaluation
plan are given in Section 4. A brief summary and out-
look are delivered in Section 5.

2. SCIENCE CONTEXT AND MOTIVATION

The region of the corona in the field of view (FOV; 3 –
15 R⊙) of NGC is of interest for addressing a number of
important questions, both fundamental and practically
important not only in solar corona physics but also in
space weather forecasting. Given its capabilities, the
coronagraph is expected to yield novel crucial insights
into some long-standing puzzles in the physics of the
solar wind. A non-exclusive list of such questions ex-
pected to be addressed by the coronagraph is as follows.

Q1. The acceleration of the fast and slow winds;
radial profile of the bulk outflow velocities and their evo-
lution; precise heights of the sonic and Alfvénic points
for different heliospheric latitudes; link between differ-
ent flow regions and the underlying low-coronal plasma
structures (coronal holes, plumes, active regions, closed
corona, etc.).

Q2. The heating of the plasma electrons; radial
profiles of the electron, proton, and ionic temperatures.

Q3. The onset and development of plasma turbu-
lence; partition of incompressive and compressive tur-
bulence and their spectra, and evolution of these prop-
erties with the radial distance; details of the nonlinear
cascade.

Q4. The appearance of coherent structures; e.g.,
macroscopic vortices.

Q5. The evolution of CMEs; nature of the aerody-
namic drag force and its link with the turbulence.

Q6. The evolution of magnetohydrodynamic
(MHD) waves; relationship between the MHD waves
observed in-situ in the solar wind and the waves de-
tected in the lower corona; energy flux, its dissipation
and role in heating; wave-wave interaction; negative en-
ergy phenomena.

Some of these questions are linked to others; for
example, Q6 is linked to Q1 and Q2: the waves are con-
sidered as one of the mechanisms for fast wind accelera-
tion and plasma heating, whereas the specific profiles of
the macroscopic (and, possibly, microscopic; e.g., par-
ticle beams) plasma parameters and their structuring
directly affect the MHD wave dynamics.

2.1. Origin of Solar Winds and their Acceleration
There have been two long-standing inter-related issues
in solar wind physics. The first issue regarding the ori-
gin of solar wind on the Sun; in other words, regarding
the source regions of the solar wind. The studies on this
aspect have a long history since as early as the 1970s
(Fu et al. 2015). Fast wind is largely associated with
coronal holes and slow wind may originate either in the
open field regions adjacent to the coronal streamers or
in the closed field regions (Abbo et al. 2016). How-
ever, no definitive answer is known regarding the pre-
cise properties of contribution of each potential source
to the solar wind. Further, there are no routine mea-
surements of the velocity field in the heliospheric range
between 3 and 8 R⊙. Above coronal holes, the Ultravi-
olet Coronagraph Spectrometer (UVCS) measurements
do not extend beyond 3.5 R⊙, for example. While, in
principle, UVCS can measure the velocity profile along
the streamer stalks up to 10 R⊙, such measurements
are very rare. Using the electron velocity field and the
measurement of electron densities in the planned FOV,
it will be possible to quantify the contribution of each
potential wind source to the mass supply of the solar
wind.

The second issue is to determine how the nascent
solar wind is accelerated to several hundred kilometers
per second within 10 R⊙, for example. It is generally
believed that, when leaving the Sun, the fast wind veloc-
ity is of the order of several kilometers per second (Has-
sler et al. 1999). The fast wind is already fully accel-
erated within 10 R⊙, achieving a velocity of 700 km s−1

(Grail et al. 1996). A crucial clue to solving the accel-
eration of the fast wind is obtained from the measure-
ments of the ion temperatures above the coronal holes,
which were largely obtained by UVCS. As summarized
by Cranmer (2002, 2009), ions are hotter than elec-
trons, and their perpendicular temperatures tend to be
higher than their parallel temperatures. This indicates
that the rapid acceleration of the nascent fast wind may
be a result of the proton pressure gradient force, which
in turn results from the heating mechanisms that prefer
protons over electrons. Notably, this scenario is in stark
contrast to the original idea in Parker (1958), where the
Parker wind is essentially driven by electrons (or, more
precisely, via electron heat conduction). Regarding the
slow winds, it appears that their acceleration in the
near-Sun region is more gradual and is not complete
until 20 R⊙ (Wang et al. 2000). However, given the
difficulties in observationally identifying the source re-
gions of the slow winds, there is substantial controversy
regarding the mechanisms responsible for their accel-
eration. If they arise from the open field regions just
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outside the coronal streamers, then the UVCS measure-
ments indicate a result similar to the fast wind above
the coronal holes, i.e., ions are hotter than electrons,
and ion perpendicular temperatures are higher than
their parallel temperatures. This indicates that the ac-
celeration of the nascent fast and slow winds could share
a common acceleration mechanism. The substantial dif-
ference in their in situ properties may be either owing
to the different lateral expansion rates (Cranmer et al.
2007) or different curvature radii (e.g., Li et al. 2011) of
the coronal magnetic field lines along which the winds
flow. On the other hand, the velocity profiles of the
slow winds (Wang et al. 2000) can also be reproduced
with the simple Parker model. This indicates that it
remains to be seen whether the slow winds are driven
by protons or electrons.

2.2. Coronal Heating
Electron temperature measurements in the FOV of
NGC are extremely rare. The measurements from
NGC, when compared with the UVCS measurements
of ion temperatures closer to the Sun, will facilitate the
assessment of whether the slow winds are distinct from
the fast winds. Moreover, the power spectra of electron
density fluctuations will be important in understanding
compressible turbulence. Such spectra have never been
obtained using remote-sensing data. Moreover, mea-
suring the electron densities can shed new light on the
compressible turbulence. So far, the analysis of solar
wind turbulence primarily uses the magnetic field mea-
surements made in situ, and they mostly concern incom-
pressible turbulence. If it is possible to clearly identify
an inertial range in the power spectra of electron den-
sity fluctuations as measured by the coronagraph, it is
possible to evaluate the energy transfer rate. This will
facilitate the evaluation of the importance of compress-
ible turbulence in heating the solar wind. There is no
need to fully resolve the inertial range; a partial resolv-
ing will suffice for this purpose.

Theoretically, Alfvén waves were intensively stud-
ied in the context of coronal heating (Alfvén 1947). De-
spite several claims of the observational detection of
Alfvén waves in the solar corona in the literature, these
waves have not been unequivocally detected yet. They
have been often confused with kink waves, which are
of fast magnetoacoustic nature. Further, Alfvén waves
should be abundant in the corona, since they can be
readily generated by photospheric motions and then
propagated upward without reflection, refraction, or
strong dissipation. The difficulties with their detection
are mainly connected with their non-collective nature:
Alfvén oscillations of neighboring magnetic surfaces are
completely disconnected with each other. Moreover,
even if Alfvén waves are excited in phase on a large num-
ber of magnetic surfaces, they rapidly become out of
phase with each other owing to the difference in the lo-
cal Alfvén speeds – the effect of Alfvén wave phase mix-
ing. The spectrum of the outward propagating Alfvén
waves is not known, and it may evolve owing to mode
coupling and nonlinear cascade. Alfvén waves can be

considered as the non-thermal broadening of the ab-
sorption lines observed in the Thomson scattering with
NGC, by unresolved motions. In the low corona, the
amplitude of transverse flows estimated by the non-
thermal broadening reaches approximately 130 km s−1

at the height of 10 R⊙ (e.g., see Figure 9 in Cranmer
& van Ballegooijen 2005). Linearly or elliptically po-
larized Alfvén waves induce bulk flows of the plasma
outwards from the Sun by the ponderomotive force and
the effect is referred to as the “Alfvénic wind”. The
relative amplitude of the induced field-aligned outward
flows, e.g., the ratio of the density fluctuations to the
background density, is proportional to the square of the
relative amplitude of the mother Alfvén waves, and in-
versely proportional to the difference of the local Alfvén
and sound speeds (e.g., Nakariakov et al. 2000). Thus,
the relative amplitude of the induced compressive per-
turbations increases in the vicinity of the height where
the sound speed becomes almost the same as the Alfvén
speed. If the mother Alfvén waves are harmonic, the pe-
riod of the variations of the induced field-aligned flow
is half of the Alfvén wave period. These induced den-
sity variations can be observed using the NGC. There-
fore, the search for coronal Alfvén waves in non-thermal
broadening and caused by the induced compressive fluc-
tuations is an interesting task for the NGC.

2.3. MHD Seismology
MHD seismology is a rapidly developing diagnostic
technique of various plasma structures, which probes
the plasma parameters. It provides us with informa-
tion about the processes operating there, by means of
MHD waves. The very nature of MHD seismology is
the synthesis of observations using advanced theoreti-
cal modeling of the interaction of MHD waves with the
plasma. The success of MHD seismology is based on
the use of observational facilities with high precision
and sensitivity.

The radial speed of the CME progression is ob-
served to vary quasi-periodically. Michalek et al. (2016)
performed a statistical study of this phenomenon in 187
limb CMEs observed with LASCO, and concluded that
22% of the CMEs observed in the years 1996 – 2004,
revealed periodic velocity fluctuations with an average
amplitude of 87 km s−1, mean period of 241 min, and
wavelength of 7.8 R⊙. Lee et al. (2015) observed simi-
lar kinematic oscillations in halo CMEs observed using
LASCO, and found quasi-periodic variations of the in-
stantaneous radial velocity with periods ranging from
24 to 48 min. The oscillations correspond to different
azimuthal modes, mainly m = 0 and m = 1. The os-
cillation period is found to be inversely proportional to
the amplitude and the projected speed of the CME.
The nature of these kinematic oscillations has not been
understood yet. The possible options are MHD oscilla-
tions (in case the plasmoid is still magnetically linked to
the Sun), and the periodic shedding of Alfvén vortices
(see Lee et al. 2015 for a discussion). One may also ex-
pect some periodic variation of the aerodynamic drag
force; however, there is no theoretical modeling of this
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phenomenon. The relationship between the oscillation
period and amplitude indicates the nonlinear nature of
this phenomenon. Kinematic oscillations of CMEs have
a broad range of periods, i.e., 0.5 – 7 h, and they are
well resolved using LASCO/C2 and C3. Hence, they
should be detectable with the coronagraph. It would
be relevant to scientific questions Q1, Q3, Q4, and Q5.

Quasi-periodic rapidly propagating wave trains of
the EUV intensity variations were recently discovered
using the Atmospheric Imaging Assembly (AIA) on the
Solar Dynamics Observatory (SDO) (Liu et al. 2011).
The typical periods were 1 – 2 min, and the typical
speeds were 1000 – 2000 km s−1. Pascoe et al. (2013)
demonstrated that these waves appear naturally after a
broadband excitation of fast magnetoacoustic waves in
a field-aligned plasma waveguide. The waveguide can
be a plasma non-uniformity such as a magnetic fun-
nel, polar plume, streamer, pseudo-streamer, or another
structure of this kind. The waves are guided outwards
from the Sun by the waveguide, and hence do not come
back, since they do not experience the refraction caused
by the vertical non-uniformity of the corona. The oscil-
lation period is determined by the fast magnetoacoustic
transit time across the non-uniformity at the point of
the excitation. Goddard et al. (2016) compared the
EUV and radio observations, and found out that the
fast magnetoacoustic wave trains reach the height of at
least 0.7 R⊙. Ofman et al. (1997) detected 9.5 min
oscillations of the white-light pB in polar coronal holes
at the height of 1.9 R⊙ using the SOHO/UVCS. In the
spectrum, there are also possible peaks at longer peri-
ods (40 – 60 min). Moreover, similar quasi-periodic fea-
tures could develop and be detected in streamers and
pseudo-streamers after the impact of a CME. For ex-
ample, Kwon et al. (2013) observed swing motions of a
streamer for 90 – 130 min at heliocentric distances of 1.6
– 3 R⊙ using STEREO/SECCHI/COR1. The speed of
the outward-propagating kink-like displacement of the
streamer increased from 500 to 1600 km s−1. It is possi-
ble that the fast wave trains could reach the NGC FOV.
Thus, the study of quasi-periodic rapidly propagating
compressive wave trains using NGC appears to be a re-
alistic task. It would be relevant to science questions
Q1 and Q6.

2.4. Thermodynamics of CME and Other
Coronal Structures

The proposed coronagraph filter system is very differ-
ent compared with existing coronagraph instruments.
We have mainly used white light coronagraph images
to determine the geometric and kinematic parameters
of coronal structures. Our goal is to determine other
parameters of the coronal structures using the corona-
graph filter system. Among these new parameters, we
expect temperature to be the most useful quantity. Pre-
vious studies proposed a few methods to measure the
coronal temperature. The most representative method
is spectroscopic observation using the Coronal Diag-
nostic Spectrometer (CDS) or the UVCS on board the
SOHO. However, many cases were not observed, and es-
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Figure 1. K-corona spectra at different temperatures and
outflow velocities.

pecially in the case of CMEs, this method is limited by
the temporal and spatial randomness in the occurrence
of CMEs. Therefore, a coronagraph that can observe a
large FOV continuously is highly advantageous for the
temperature measurement of CMEs or other coronal
structures. As a case study, Cho et al. (2016) simulated
the expected observation result. They restored a struc-
ture of the CME that occurred on January 4, 2002 by
using the graduated cylindrical shell model (Thernisien
et al. 2006). By considering the geometrical param-
eters of the CME and assuming the isothermal CME
temperatures in the range between 0.5 and 2.0 MK,
they calculated two filter intensity ratio images of the
corresponding CME temperatures. Based on their sim-
ulation, they suggested that the filter intensity ratio is
approximately in the range of 1.2 to 1.6, sufficiently
large to be observed in a realistic measurement.

2.5. Solar Wind, CME Propagation, and
Space Weather Forecast

The interplanetary medium is continuously swept by
the solar wind and by different types of perturbations
that propagate through it. Some of these perturbations
are intrinsic to the quasi-steady background wind flow,
or related to oscillatory motions introduced by contin-
ued surface movements and to impulsive phenomena
occurring on the active corona. The global spatial (or
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Figure 2. Block diagram (upper panel) and strawman design
(lower panel) of the coronagraph on the ISS.

angular) distribution of fast and slow solar wind flows
reflects to a great extent the geometry of the coronal
magnetic field, which affects the heat, mass and momen-
tum fluxes guided along the field (e.g., Wang & Sheeley
1990; Richardson & Kasper 2008). Solar rotation gives
rise to interactions at the interfaces between neighbor-
ing fast and slow wind flows and to the formation of
corotating density structures (CDS) at higher atmo-
spheric altitudes (e.g., Plotnikov et al. 2016, and refer-
ences therein). Planetary magnetospheres are bound to
adapt continuously to the fluctuations of ram pressure
associated with these flows, which cross them succes-
sively (even though this component of the solar wind is
essentially quasi-stationary). CMEs and the associated
shocks are a source of impulsive perturbations that add
up to the softer but much more frequent background
solar wind perturbations. The detailed physical prop-
erties of the background wind flow also play a major role
on the propagation paths and delays of such CMEs and
shocks, through friction and by setting the upstream
phase speeds.

The sources of these physical processes lie in the
dynamics of the lower layers of the solar atmosphere.
The conditions for their development and outward prop-
agation are mostly set at the solar corona, roughly be-
tween 2 and 10 R⊙. Having access to velocity fields,
plasma densities and temperatures at regular interval at
all these altitudes is critical for space weather science.

The understanding of the physics of the generation of
earth-bound solar perturbations still faces major chal-
lenges and lacks observational constraints, in line with
the scientific questions discussed in the previous sub-
sections (and listed at the beginning of Section 2).

Over the years, the community has addressed the
uncertainty relating to these processes by developing
a combination of heuristic hypotheses, semi-empirical
techniques (Wang & Sheeley 1990; Rotter et al. 2012;
Fujiki et al. 2015) and global-scale 3D numerical mod-
els of the corona and solar wind (Lionello et al. 2001;
Gressl et al. 2014; van der Holst et al. 2014; Yang et
al. 2016; Pinto & Rouillard 2017). The vast major-
ity of such models uses partial information about the
state and/or evolution of the solar surface as a lower
boundary condition. Typically surface magnetograms
are extrapolated into the corona. Furthermore, those
models need to rely on simplifying hypothesis for the
top boundary conditions, as well as for the physical pro-
cesses leading to the heating and acceleration of solar
wind flows. Validation of the models relies critically on
reproducing or forecasting solar wind speed time-series
where they can be measured systematically, such as at
the Sun-Earth Lagrangian point L1 (other orbital po-
sitions have also been used for the duration of specific
missions, such as HELIOS, ULYSSES and STEREO).
Radio surveying techniques (IPS; e.g., Tokumaru et
al. 2010) give access to large-scale low resolution wind
speed distribution in the heliosphere. However, com-
prehensive and high quality data sets relating directly
to coronal heights – where the wind flows are heated
and accelerated and where CMEs are triggered – are
still rare (with the SOHO/UVCS coronograph being a
remarkable exception; Kohl et al. 1998).

3. MISSION OVERVIEW

The ISS-COR will provide a series of plane-of-sky maps
of the corona and solar wind between 3 and 15 R⊙
with unprecedented quality and will therefore represent
a major opportunity to test and improve the current
knowledge about the physics of the corona and of the
heliosphere. The planned launch in 2021 lets us foresee
a great potential for synergy with other solar space mis-
sions in preparation (Solar Orbiter, Parker Solar Probe,
PROBA-3) or in discussion (missions at the Lagrangian
point L5).

3.1. Concept
While the current coronagraph provides electron den-
sity information through polarized white light images,
the new coronagraph can also provide information
about coronal temperature and velocity by observing
multiple wavelengths. The basic concept is described
as follows. Strong absorption lines of the visible light
irradiated from the solar photosphere are flattened by
the thermal motions of free coronal electrons. Thus,
the electron temperature determines the amount of flat-
ness of the absorption lines, which can be represented
by the ratio of intensities in two temperature-sensitive
wavelengths. Moreover, the radial motion of solar wind
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Table 1
Performance specifications of the coronagraph

Parameter Range

FOV (R⊙) 15
Inner FOV cutoff (R⊙) 3
Wavelength range (nm) 380 – 450
Effective focal length (mm) 103
Entrance pupil diameter (mm) 40
Detector array CCD, 1950 × 1950, 7.4 µm pixel
Throughput (average over λ and FOV) > 90%
Mass < 75 kg

affects the redshift of the entire coronal spectrum. The
ratio of two velocity sensitive wavelength intensities also
facilitates the estimation of the velocity of solar wind.
The mathematical calculations are described in detail
by Cram (1976) and Reginald (2001).

Figure 1 shows a result of the numerical code (Cho
et al. 2016) that calculates the expected spectra from a
given coronal temperature and velocity. Photospheric
spectrum between 370 – 450 nm contains many absorp-
tion lines such as Fraunhofer G, H, and K lines as shown
in the upper panel. These absorption lines experience
thermal broadening and Doppler shift through scatter-
ing by coronal electrons. As shown in the lower panel,
thermal broadening increases with the electron temper-
ature and results in an increase in the intensity at the
center of the absorption line and a decrease in the in-
tensity near the absorption line. Therefore, we can es-
timate the coronal temperature by measuring intensity
ratio between the center (e.g., 3850 Å) and the vicinity
(e.g., 4100 Å) of a strong absorption line. The Doppler
shift increases with the electron outflow velocity with
respect to the photosphere, and results in an increase
or decrease in the intensity at the wavelengths between
the center and the vicinity of a strong absorption line,
where the spectral slopes are steep (e.g., 3987 Å and
4233 Å). We can estimate the coronal outflow veloc-
ity by measuring the intensity ratio between the wave-
lengths of the steep spectral increase and decrease.

3.2. System Requirements
Figure 2 shows the block diagram and strawman design
of the coronagraph, which consists of an optical assem-
bly, filter and polarizer wheels, camera, and electronics
box. The optical assembly consists of the lens group
including a field lens, external occulter, and additional
stray-light rejection arrangement. In the context of this
overall project, NASA and KASI will design, build, and
perform quality testing of the coronagraph and fly it on
the ISS. NASA and KASI will employ reasonable efforts
to carry out the following responsibilities.

NASA will: (a) manage and provide product as-
surance for the coronagraph development at Goddard
Space Flight Center (GSFC); (b) coordinate procure-
ment specifications, interface documents, and initiate
procurement activities for long lead items required for
the payload; (c) provide designs for the optical and
mechanical assemblies of the coronagraph; (d) provide

other engineering and technical services (e.g., thermal
design, materials, configuration management, environ-
mental test, quality) as needed; (e) participate in design
reviews both in the USA and Korea; and (f) conduct
environmental and performance testing.

KASI will: (a) design, build, and qualify the coro-
nagraph door, filter wheel, filters, main electronics and
camera electronics, including the interfaces with the
ISS; (b) provide other engineering and technical services
(e.g., thermal design, materials, configuration manage-
ment, environmental test, quality) as needed for the
KASI components; (c) participate in design reviews
both in the US and Korea; and (d) support environ-
mental and performance testing.

The observed field of view is up to 15 R⊙ and
the inner limit is 3 R⊙, which is similar to that of
STEREO/COR2. As the diagnostics of coronal elec-
tron temperature and velocity is expected to be appli-
cable only up to 8 R⊙, the inner limit is desired to be
as low as that allowed by the the optical design and
dynamic range. Table 1 summarizes the specifications
of the coronagraph to achieve the main scientific pur-
pose and observation target of this project. The image
resolution is 14.8 arcsec. We will use a 2K × 2K CCD.

3.3. Work Scope and Roadmap
For collaboration with the coronagraph team at NASA,
KASI will follow NASA procedures and guidance for
the development of mechanisms, electronics box, and
CCD detector. A control system compatible with the
ISS standard interface will be developed by utilizing
the core flight software (CFS) framework to combine
hardware and software development. As shown in the
KASI roadmap in Figure 3, our final goal is to de-
velop a science-oriented coronagraph and install it on
the ISS in 2021 for operation of more than 2 years.
Prior to the installation on the ISS, we will perform
experiments during a total solar eclipse (TSE) on the
ground in 2017 to test the filter system and on a balloon
in the stratosphere in 2019 to evaluate the engineering
model for the ISS. The eclipse expedition is planned to
test the filter system without using an occulter and will
be conducted in August 2017 at Jackson in Wyoming,
USA. The KASI–NASA working group agreed during
the first working group meeting at NASA Headquarters
in September 2016 that a balloon mission is the opti-
mum path to increase the technological readiness level
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Figure 3. Timeline for the coronagraph development.

of the coronagraph for a future mission to be flown on
the ISS. A stratospheric (< 40 km) balloon test in col-
laboration with NASA will be conducted using a point-
ing system, gondola, and balloon from NASA. In or-
der to measure and reduce the diffraction light of the
external occulter, we will conduct several experiments
by using a small laboratory for the solar simulator and
the normal pressure/vacuum solar simulator facilities of
China and USA.

4. INSTRUMENT AND TESTING

4.1. Key Techniques
An occulting disk (OD) blocks the light from a solar
disk to observe the much fainter solar corona. The clas-
sical externally occulted coronagraph consists of an ex-
ternal OD and an internal OD system. The diffraction
light generated by the edge of the external OD exceeds
the corona light so that it should be suppressed by the
internal OD, which is located in the plane of the exter-
nal OD image made by the objective lens. However, in
this case, the overall length of the system should be up
to few meters to archive several image planes. Recent
studies have suggested that the diffraction light of the
external OD can be reduced by changing its design. A
saw-tooth-shaped and cone-shaped occulter have been
investigated by several studies (Percell & Koomen 1962;
Bout et al. 2000; Koutchmy 1988; Gong & Socker
2004). Such ODs can reduce the length of the system
to shorter than 1 m, which is the key to the technology
of the compact coronagraph or miniature coronagraph.

The corona brightness above 3R⊙ is approximately
10−10I⊙ (November & Koutchmy 1996). Hence, the
diffraction light of the occulter should be suppressed to

below 10−10I⊙. In the ISS coronagraph, we intend to
use a cone-shaped external occulting disk (COD) with-
out an internal occulting disk. A COD with a carefully
chosen angle in its outer wall can significantly reduce
the diffraction light caused by the light from the solar
disk.

We have tested the performance of the occulter us-
ing the light source provided by the solar simulator and
the laser, and subsequently with a simple source lo-
cated 20 m away in open air. We observed that the
singlet OD can suppress the diffraction light down to
10−6I⊙. Subsequently, we performed the test for the
cone-shaped occulter and confirmed that the diffrac-
tion light can be suppressed to approximately 10−7I⊙
by using the COD. However, the stray light level of the
experiment is slightly higher than 10−7I⊙. The stray
light was caused by the scattering at the baffle in the
case of the solar simulator experiment, and the reflec-
tion of light at the wall and scattering by dust in the
case of the far-away source experiment. It was essen-
tial to remove the stray light mathematically from the
results. We will develop a COD optimized to reduce
the stray light and repeat the experiment in the clean
tunnel and the vacuum chamber with the real sun. Af-
ter testing the COD in the ground experiment in the
clean tunnel and the vacuum chamber, we will use the
COD in the balloon coronagraph observation. The de-
sign of the COD can be adapted suitably for the balloon
experiment.

The second key technology of the coronagraph is
the filter system, which will provide the information of
electron temperature and velocity in the solar corona.
We have developed our own numerical code that calcu-
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Table 2
Central wavelengths of filters

Temperature measurement Velocity measurement

Central wavelength 3900 Å, 4103 Å 3987 Å, 4233 Å

lates the expected spectra from a given coronal temper-
ature and velocity. Furthermore, we determined the op-
timized wavelength of filters with a Gaussian response
function for the coronal temperature and velocity mea-
surements. We calculated the coronal spectra at 1.1 R⊙
under the spherically symmetric coronal electron den-
sity model (Baumbach 1937) for various temperatures
and radial velocities of coronal electrons. Subsequently,
we obtained filter intensity ratios for various pairs of
central wavelengths. For a temperature-sensitive filter,
we chose a central wavelength pair that is sensitive to
temperature variations and insensitive to velocity vari-
ations. The central wavelength pair for the velocity
measurements was determined in a similar way. Table 2
summarizes our results.

Our calculation is based on a simple model and
the optimum wavelengths may be different from our re-
sults. The specifications are different from the previous
results in Reginald (2001) (3850 Å and 4100 Å for tem-
perature, 3987 Å and 4233 Å for velocity). We find
three potential reasons for this difference. First, we
used solar spectral irradiance data from Kurucz (2005)
as input, whereas Reginald (2001) used the data tab-
ulated by the McMath/Pierce Solar Telescope facility
at Kitt Peak, Arizona. Second, the integration method
led to a difference. We replaced the trapezoidal rules
in Reginald (2001) with Gaussian Legendre quadrature,
which is more accurate and faster. Third, they calcu-
lated the intensity ratio at specific wavelengths, but we
applied a Gaussian filter. The central wavelengths of
the velocity measurement filters are similar to the re-
sult obtained by Reginald (2001), but slightly different
for the temperature measurement. We will investigate
a more realistic situation and determine the final wave-
lengths.

Although narrow filter are advantageous for a pa-
rameter measurement, we currently intend to use filters
of 100 Å bandwidth to reduce the exposure time consid-
ering the weak coronal intensity. Moreover, solar wind
velocity measurements through the coronagraph filter
observation are expected to be challenging owing to the
small variation of the filter intensity ratio. In order
to overcome this difficulty, we intend to maximize the
signal-to-noise ratio by optimizing the optical design
and parts including the occulter, lens, filters, polariz-
ers, and CCD sensors.

4.2. Experiments
The KASI–NASA working group of the ISS-COR
agreed to perform TSE observation and a balloon exper-
iment for the demonstration and validation of the coro-
nagraph technology before the launch of the ISS-COR.
Furthermore the working group shared NASA/GSFC

and KASI TSE observation plans in 2017 and a view of
the possible balloon flight in 2019 as a precursor mis-
sion or risk reduction flight to the ISS-COR launch.
These risk-reduction plans summarized in Table 3 will
be helpful to refine both the ISS-COR coronagraph in-
struments and the science objectives through testing
of the technology and conducting early scientific ex-
periments. Moreover, such a challenge would provide
KASI with valuable experience regarding new instru-
mentation missions and the acquisition of balloon-borne
pointing technology for future larger space missions.

4.2.1. TSE Observation

The date of the TSE in 2017 was August 21 across the
USA. The greatest eclipse was at 18:25:32 UT in the
west of Kentucky. The eclipse magnitude was 1.0306
and the greatest duration was 2 min 40 s in the south
of Illinois. The greatest path width was 115 km. For the
total eclipse observation, we did not use the external oc-
culter, and there was no inner limit. The sky brightness
during the totality was approximately 10−9I⊙, over-
whelming the corona brightness above 4 R⊙. The sky
was expected to be unpolarized (Hayes et al. 2001),
and there was a possibility of observing polarization
brightness (pB) up to 8 R⊙. However, the innermost
part of the corona was a thousand times brighter than
the sky. We observed the eclipse at a site near Jackson,
Wyoming, where the weather was good and the totality
was not substantially shorter than its maximum dura-
tion. At the accommodation, the duration of totality
was 2 min 17 s. Maximum eclipse occurred at 17:35:56
UT (11:35:56 MDT) and the altitude and the azimuth
angles of the Sun were 50.4◦ and 135.6◦, respectively.
We used an optical system including the filter wheel,
polarizer motion part, and CCD to test the key com-
ponents of the NGC. Two camera mount assemblies for
the filter wheel with the bandpass filters and the polar-
izer were mounted on a tripod to record the observa-
tions. We obtained several polarized brightness images
in each filter and data analysis is ongoing to verify the
fundamental technology of the NGC.

4.2.2. Balloon Experiment

The advantage of high-altitude, stratospheric balloon
borne experiments is in their relatively low cost and
quick launch compared to experiments using space
satellites. Altitudes of higher than 30 km can provide
scientific payloads with the good observing conditions
of the corona, with reduced atmospheric scattering and
attenuation effects. Therefore, a stratospheric balloon-
borne experiment is a good preceding project to validate
the scientific performance of the developed coronagraph
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Table 3
Experiment and installation plan

Total solar eclipse Balloon flight ISS installation

Year 2017 2019 2021
Altitude Ground Stratosphere (up to 40 km) Low Earth Orbit (340 km)
Observing time 2 min 17 s 6 – 8 h 46 min per orbit
Environment temperature — −50 – 0 ◦C −126 – 149 ◦C
Power — < 10 W < 78 W
Mass — < 25 kg < 75 kg

before the launch to ISS. The KASI and NASA corona-
graph team will design, fabricate, test, and fly an engi-
neering model of the coronagraph onboard a balloon to
be launched by NASA’s Columbia Scientific Balloon Fa-
cility (CSBF). The instrument consists of optical assem-
bly, polarization camera, and electronics box. The opti-
cal assembly consists of a lens group including the field
lens, the external occulter, and an additional stray-light
rejection arrangement. NASA and KASI will design,
build, and perform the qualification test of the coron-
agraph and fly it on a stratospheric balloon equipped
with NASA’s Wallops Arc Second Pointer (WASP). The
tests of the coronagraph will be performed at GSFC and
the National Center for Atmospheric Research (NCAR)
vacuum chamber or the NASA Marshall Space Flight
Center (MSFC) vacuum chamber. The coronagraph
will be built, delivered to the Wallops Flight Facility
(WFF) for integration into gondola and WASP system,
and flown on the stratospheric balloon in September
2019 from Ft. Sumner, New Mexico.

4.2.3. ISS Experiment

Since November 2000, the ISS has been continuously
operated by five participating space agencies: NASA,
Russian Federal Space Agency, Japan Aerospace Explo-
ration Agency, European Space Agency, and the Cana-
dian Space Agency. The ISS maintains a low Earth
orbit at an altitude between 330 km and 425 km with
an inclination of 51.6◦ to the equator, completeing 15.51
orbits per day. In low Earth orbit, temperatures outside
the ISS can vary from −126◦C to 149◦C. The integrated
truss structure (ITS) of the ISS provides opportunities
for external payloads. There are six sites available on
the ITS, two of which have been allocated to the Al-
pha Magnetic Spectrometer (AMS) and the External
Stowage Platform (ESP-3). The other four sites are
assigned to ExPRESS Logistics Carriers (ELCs), which
were developed by NASA as carriers that can be utilized
to carry a variety of orbit replacement units, outfitting
cargo, and external payloads for scientific experiments.
We are considering the ELC-2, which is attached to
the ITS S3 and available after mid-2019. The maxi-
mum mass allowed is approximately 227 kg for the pay-
load itself and the orbit average power is approximately
750 W. The allowable physical volume for the external
payload during on-board operation is 86.36 × 116.84
× 124.46 cm (length × width × height). Each exter-
nal payload will be provided with two +120 Vdc heater

power buses, a +120Vdc operational power bus, and
an operational +28 Vdc power bus. At the interface
between the ELC module and the payload interface,
there are three data ports: high-rate-data link (HRDL),
low-rate-data link (LRDL), and medium-rate data link
(MRDL). Ethernet is used for the uplink MRDL, the
transmission rate between the ELC module and the
payload is up to 10 Mbps. The HRDL rate for down-
link service to the ground is up to 95 Mbps. The LRDL
is used for the data and command link between the
ELC and the payload via the ELC avionics module at
a maximum rate of 1 Mbps. Table 4 summarizes the
ISS ELC-2 capability and the ISS-COR requirement.
We will develop the coronagraph and a pointing system
and install them on the ISS in 2021.

5. SUMMARY AND OUTLOOK

KASI and NASA have been developing a solar coro-
nagraph system, which is expected to be installed on
the ISS. NASA has proposed a compact coronagraph
which consists of an external occulter, compact lens
group, four bandpass filters, and a polarizer camera.
This design can facilitate the measurement of not only
electron density, which can be obtained from current
other coronagraph systems, but also the electron tem-
perature and velocity of the solar wind. The key com-
ponents of the coronagraph will be tested during the
North-American total solar eclipse in 2017 and a quali-
fication level model will be mounted on a stratospheric
balloon to demonstrate and verify the space model re-
quirements. The final coronagraph will be installed on
the ISS to understand the structure and dynamics of
the corona-heliosphere connection at all latitudes and
eventually to constrain solar wind acceleration models.
The observation of the radial temperature and velocity
profile of solar wind from the top of closed streamers to
the vicinity of the sonic point will provide answers to
the questions listed in Section 2.

We employ bandpass filters that transmit wave-
lengths sensitive to temperature or velocity; conse-
quently, we obtain light over a narrower wavelength
band than current coronagraphs. Therefore, we may
have difficulty in studying dynamic features such as
very fast CMEs, owing to the extended exposure time
to obtain sufficient photons. In order to overcome this
problem, we intend to use two different observation
modes: a diagnostics mode using narrow bandpass fil-
ters to determine temperature, velocity, and density,



148 Cho et al.

Table 4
Comparison between ISS-COR requirement and ISS ELC-2 capability

Resource ISS-COR Requirement ISS ELC-2 Capability
(with 30 % contingency)

Mass 75 kg 227 kg (200%)
Orbit Average Power 78 W 750 W (320%)
Orbit Average Data Rate 150 kbps 6 Mbps (Ethernet)

(10 pB images, 1 Mbps (IEEE 1553)
2.5 compression) (560 %)

Volume 50 × 11 × 29 cm 86.36 × 116.84 × 124.46 cm

and a dynamics mode using a wide bandpass filter to
observe the dynamic features of CMEs. The density
is determined using pB, and the temperature is deter-
mined using image ratio between the temperature sen-
sitive filter pairs. The velocity is determined in the
same way by using velocity sensitive filter pairs. In
the dynamics mode, we repeatedly observe the inten-
sity through a wideband filter with higher cadence. We
can study the dynamic features of a CME by subtract-
ing the background intensity before or after the CME.

We are in favor of arranging joint observational
campaigns with the observational facilities operating in
other bands and/or observing other parts of the corona,
exploiting complementarity. We expect that the coro-
nagraph will provide observations of the radial profile
of electron density, velocity, and temperature from 3
to 8 R⊙ at all latitudes, which are critically important
for the interpretation of the in-situ measurements by
the Parker Solar Probe and Solar Orbitor and result in
a significant improvement of the science return of the
missions. In the radio band, interesting perspectives
are offered by the simultaneous observations of CMEs,
streamer blobs, and other moving coronal features us-
ing the ISS-COR and the LOw Frequency ARray (LO-
FAR). LOFAR is a European digital radio interferome-
ter operating at 10–90 and 110–250 MHz with the time
cadence of 1 s. Hence, for the radio waves created by
the plasma emission, e.g., Type III bursts, it allows the
imaging of the corona (including Faraday rotation and
scintillation) in the region within 3R⊙ (e.g., Breitling et
al. 2015), filling in the gap between the low corona ob-
served in EUV and the ISS-COR observational heights
(3 ∼ 15 R⊙).
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