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A Brief Introduction of Current and Future Magnetospheric
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Yukinaga Miyashita'?"

'Korea Astronomy and Space Science Institute, Daejeon 34055, Korea
“Department of Astronomy and Space Science, University of Science and Technology,

Daejeon 34113, Korea

Abstract

In this paper, | briefly introduce recently terminated, current, and future scientific spacecraft missions for in
situ and remote—sensing observations of Earth's and other planetary magnetospheres as of February 2023.
The spacecraft introduced here are Geotail, Cluster, Time History of Events and Macroscale Interactions
during Substorms / Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's
Interaction with the Sun (THEMIS / ARTEMIS), Magnetospheric Multiscale (MMS), Exploration of
energization and Radiation in Geospace (ERG), Cusp Plasma Imaging Detector (CuPID), and EQUilibriUm
Lunar-Earth point 6U Spacecraft (EQUULEUS) for recently terminated or currently operated missions for
Earth's magnetosphere; Lunar Environment Heliospheric X-ray Imager (LEXI), Gateway, Solar wind
Magneto-sphere lonosphere Link Explorer (SMILE), HelioSwarm, Solar-Terrestrial Observer for the
Response of the Magnetosphere (STORM), Geostationary Transfer Orbit Satellite (GTOSat), GEOspace
X-ray imager (GEO-X), Plasma Observatory, Magnetospheric Constellation (MagCon), self-Adaptive
Magnetic reconnection Explorer (AME), and COnstellation of Radiation BEIt Survey (CORBES) approved for
launch or proposed for future missions for Earth's magnetosphere; BepiColombo for Mercury and Juno for
Jupiter for current missions for planetary magnetospheres; Jupiter loy Moons Explorer (JUICE) and Europa
Clipper for Jupiter, Uranus Orbiter and Probe (UOP) for Uranus, and Neptune Odyssey for Neptune
approved for launch or proposed for future missions for planetary magnetospheres. | discuss the recent
trend and future direction of spacecraft missions as well as remaining challenges in magnetospheric
research. | hope this paper will be a handy guide to the current status and trend of magnetospheric

missions.

Keywords : Earth’s magnetosphere, planetary magnetospheres, satellite, spacecraft

1. INTRODUCTION

Since the late 1950s, a large number of spacecraft (satellites) have been launched to
observe near-Farth space (geospace, or the ionosphere and the magnetosphere),
interplanetary space, and other planets. In situ and remote-sensing observations have
revealed their structures, properties, and dynamics. So far only a few spacecraft at most
were being operated simultaneously in coordination, but nowadays more spacecraft
than ever, including small spacecraft and nano-spacecraft, are being operated and

planned.

https://www.jstna.org | 1
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The magnetosphere is the region of space around Earth that is dominated by Earth’s
magnetic field. It shields Earth from solar and cosmic energetic particles to some extent
and prevents the atmosphere from eroding by the solar wind. Interaction with the solar
wind and the ionosphere, however, results in dynamic disturbances within the
magnetosphere, such as geomagnetic storms, substorms, and generation of energetic
electrons in the radiation belts. Thus, observing the magnetosphere is important for
understanding of space weather/environment and its forecast.

Not only Earth but also other planets with intrinsic magnetic fields, Mercury, Jupiter,
Saturn, Uranus, and Neptune, have the magnetosphere under different conditions.
Various plasma processes similar to Earth occur. Understanding planetary magneto-
spheres help us understand the universality of Earth’s and planetary magnetospheres and
the specialty of Earth's magnetosphere in depth.

This paper briefly introduces current and future spacecraft missions for in situ and
remote-sensing observations of Earth’s and other planetary magnetospheres, mainly
scientific spacecraft currently being operated, approved for launch, and proposed as of
February 2023. A few of the missions were terminated while I was preparing this paper,
but I keep the descriptions of them in the paper for reference. I hope this paper will be
a handy guide to the current status and trend of magnetospheric missions.

While the references and websites for each mission introduced in this paper can be
found in each subsection, comprehensive information on missions for Earth’s magneto-
sphere can be found at the following websites:

» National Aeronautics and Space Administration (NASA) Space Science Data

Coordinated Archive: https://nssdc.gsfc.nasa.gov/space/

+  “Explorers Program” at NASA Goddard Space Flight Center: https://explorers.

gsfc.nasa.gov

»  “Missions” at NASA Jet Propulsion Laboratory and California Institute of Technology:

https://www.jpl.nasa.gov/missions

» “Mission Posters: Sun” at NASA: https://science.nasa.gov/get-involved/toolkits/

heliophysics-mission-posters

» “The Portal for Users of ESA's Science Directorate's Missions” at European Space

Agency (ESA) Cosmos: https://www.cosmos.esa.int

+  “Current and Future Missions” at ESA European Space Operations Centre: https://

www.esa.int/Enabling_Support/Operations/Current_and_future_missions

» “Barth Observation Missions” at ESA Farth Observation Portal (eoPortal): https://

www.eoportal.org

»  “Observing Systems Capability Analysis and Review Tool Space-based Capabilities

(OSCAR/Space)” at World Meteorological Organization: https://space.oscar.wmo.
int/spacecapabilities

+ Nanosats Database: https://www.nanosats.eu
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In this paper I introduce Geotail, Cluster, Time History of Events and Macroscale
Interactions during Substorms / Acceleration, Reconnection, Turbulence, and Electro-
dynamics of the Moon's Interaction with the Sun (THEMIS / ARTEMIS), Magnetospheric
Multiscale (MMS), Exploration of energization and Radiation in Geospace (ERG), Cusp
Plasma Imaging Detector (CuPID), and EQUilibriUm Lunar-Earth point 6U Spacecraft
(EQUULEUY) for very recently terminated or current missions for Earth's magnetosphere,
and Lunar Environment Heliospheric X-ray Imager (LEXI), Gateway, Solar wind
Magnetosphere Ionosphere Link Explorer (SMILE), HelioSwarm, Solar-Terrestrial
Observer for the Response of the Magnetosphere (STORM), Geostationary Transfer Orbit
Satellite (GTOSat), GEOspace X-ray imager (GEO-X), Plasma Observatory, Magneto-
spheric Constellation (MagCon), self-Adaptive Magnetic reconnection Explorer (AME),
and COnstellation of Radiation BElt Survey (CORBES) for future missions being prepared
for launch and observations or proposed. Some of these missions are included in NASA’s
and ESA’s fleets of heliophysics missions shown in Figs. 1 and 2, respectively.

For missions for planetary magnetospheres, comprehensive information can be found
at the following websites:

*  “Lunar and Planetary Science” at NASA Space Science Data Coordinated Archive:

https://nssdc.gsfc.nasa.gov/planetary/

» “Planetary Missions Program Office” at NASA: https://www.nasa.gov/planetary

missions/index.html

»  “Mission Posters: Solar System” at NASA: https://science.nasa.gov/get-involved/

toolkits/planetary-mission-posters

+  “Current and Future Missions” at ESA Furopean Space Operations Centre: https://

www.esa.int/Enabling_Support/Operations/Current_and_future_missions

“ | » 20 Operating Missions with 27 Spacecraft
13 Missions in Formulation or Implementation .
+ 1 Under Study s & (G
i
&
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Fig. 1. Poster of NASA’s fleet of heliophysics missions (as of December 12, 2022). Adapted

from NASA [https://science.nasa.gov/heliophysics/mission—fleet-diagram].
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In this paper, I introduce BepiColombo for Mercury and Juno for Jupiter for current
planetary magnetospheric missions; Jupiter Icy Moons Explorer (JUICE) and Europa
Clipper for Jupiter, Uranus Orbiter and Probe (UOP) for Uranus, and Neptune Odyssey
for Neptune for future missions. Some of these missions are included in NASA’s and

ESA’s fleets of solar system missions shown in Figs. 3 and 2, respectively.

SOLAR SYSTEM EXPLORERS @ esa

N DEVELOPMENT

Fig. 2. Poster of ESA's fleet of solar system missions (as of November 2021). Adapted from
ESA  [https://www.esa.int/ESA_Multimedia/lmages/2019/02/ESA_s_fleet_of_Solar_System

_explorers].

National Aeronautics and
o e | (S

PLANETARY FLEET

MOON & MARS

SOLAR SYSTEM

Fig. 3. Poster of NASA’s fleet of solar system missions (as of February 13, 2023). Adapted

from NASA [https://science.nasa.gov/get-involved/toolkits/planetary—mission—posters].
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2. RECENTLY TERMINATED AND CURRENT MISSIONS
FOR EARTH'S MAGNETOSPHERE

In this section, I introduce the recently terminated and current missions for Earth’s
magnetosphere, Geotail, Cluster, THEMIS / ARTEMIS, MMS, ERG, CuPID, and EQUULEUS.
Besides, the following magnetospheric missions had been operated since 2000, but I
omit them here.

+ IMAGE (Imager for Magnetopause-to-Aurora Global Exploration; 2000-2005,

NASA, USA, for imaging of the magnetosphere and aurora) [1,2]

+ Double Star Project (2003-2009, ESA and China, for observing the magnetotail and
the inner magnetosphere by two spacecraft of Tan Ce 1 and 2) [3-6]

»  TWINS (Two Wide-angle Imaging Neutral-atom Spectrometers; 2006-2020, NASA
Mission of Opportunity, USA, for stereoscopic imaging of the magnetosphere)
[7-9]

+  Van Allen Probes (formerly Radiation Belt Storm Probes, RBSP; 2012-2019, NASA,
USA, for the inner magnetosphere) [10,11]

+  DSX (Demonstration and Science Experiments; 2019-2021, Air Force Research
Laboratory Space Vehicles Directorate, USA, for the radiation belt through very-
low-frequency wave transmission) [12,13]

Furthermore, a lot of geosynchronous satellites are monitoring the inner mag-
netosphere and the radiation belt, but I omit them as well: for example,

+  GOES (Geostationary Operational Environmental Satellites; National Oceanic and
Atmospheric Administration (NOAA), USA) [14]

*  GK-2A (GEO-KOMPSAT-2A; 2018, Korea Meteorological Administration, Korea)
[15]

Orbits of the current and past magnetospheric spacecraft are available at the
Conjunction Event Finder http://ergsc.isee.nagoya-u.ac.jp/cef/orbit.cgi (Fig. 4) [16] and
NASA Satellite Situation Center Web (SSCWeb) https://sscweb.gsfc.nasa.gov. Here note
that in magnetospheric physics, distances in the magnetosphere and the surrounding
space are often given in planets’ radii, instead of kilometer. For Earth's magnetosphere
(Earth’s radius R,is 6,371.2 km), the geosynchronous orbit is at 6.6 R, from Earth’s center;
Moon’s orbit is at 60 &5 the subsolar magnetopause is typically at ~10 R, the magnetotail
magnetic reconnection sites are typically at ~20 and ~100 R, down the tail. For the
instruments onboard each spacecraft mentioned below, typical energies of low- and
high-energy particles are up to a few tens of keV and from tens or hundreds of keV to
MeV, respectively. Typical frequencies of AC electric and magnetic fields of high-
frequency waves are from tens of Hz to kHz or MHz. See the references of each mission
for the figures, pictures, and more detailed descriptions of each spacecraft and

instruments.

https://www.jstna.org | 5
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Fig. 4. Example of definitive orbits of current and past magnetospheric spacecraft available
from the Conjunction Event Finder at https://ergsc.isee.nagoya—u.ac.jp/cef/orbit.cgi. The
positions are in units of Earth’s radius Az (6,371.2 km) in geocentric solar magnetospheric
(GSM) coordinates. The left and right panels show the equatorial plane and the noon-midnight
meridian, respectively. MO, Moon; GT, Geotail; CL3, Cluster 3; THA to THE, THEMIS A to E;
RA and RB, RBSP A and B; and MM1: MMS 1.

2.1 Geotail (1992-2022, Japan—-USA)

The Geotail mission [17-19] was a joint program of Institute of Space and Astronautical
Science (ISAS) of Japan and NASA and participated in the International Solar-Terrestrial
Physics (ISTP) Science Initiative, a cooperative scientific spacecraft project by NASA, ESA,
and ISAS. The main target was magnetotail structure and dynamics, and Geotail was the
first spacecraft that observed Earth’s magnetotail thoroughly. Geotail was launched on
July 24, 1992, and its operation was terminated on November 28, 2022 after 30 years of
observation. The orbit was 8 B, x 210 R, for the first 2 years to observe the distant
magnetotail beyond the lunar orbit, and then the apogee went down to 32 R, to observe
the near-Farth magnetotail in detail. The inclination was 29°. The spacecraft’s total wet
mass (including propellant) was 1,009 kg at launch. Geotail had a comprehensive set of
instruments for three-dimensional velocity distributions of low- and high-energy ions

and electrons, and DC and AC magnetic and electric fields.

2.2 Cluster (2000, Europe)

The Cluster mission [20-24] constitutes the Solar Terrestrial Science Programme (STSP),
the first Cornerstone of ESA’s Horizon 2000 program, in collaboration with NASA and
participated in ISTP. To study small-scale structures of the magnetosphere and its
environment in three dimensions, the mission consists of four identical spacecraft that

fly in a tetrahedral configuration. The original Cluster spacecraft were destroyed in the
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launch failure on June 4, 1996. As a recovery program called Cluster II, the spacecraft
were successfully launched on July 16 and August 9, 2000 two by two. The orbit is 4
R; x 19 R, and the inclination is 90°. The total wet mass of each spacecraft was 1,200
kg at launch. Each spacecraft has a comprehensive set of instruments for low- and high-
energy ions and electrons, and DC and AC electric and magnetic fields. The observations
at four tetrahedral vertices allow us to distinguish between spatial and temporal
variations and derive differential quantities (gradients and rotations) in the observed
system, such as the current density from V X B. The separations of the four spacecraft

are 600-20,000 km, so we can resolve ion kinetic scale.

2.3 Time History of Events and Macroscale Interactions during Substorms
(THEMIS) / Acceleration, Reconnection, Turbulence, and Electrodynamics
of the Moon's Interaction with the Sun (ARTEMIS; 2007/2009, USA)

The THEMIS mission [25,26] is the fifth NASA Medium-class Explorer (MIDEX). The
mission consists of five identical spacecraft as well as ground-based auroral cameras and
magnetometers installed in Canada and Alaska. The main targets are the triggering
mechanisms of substorms and large-scale evolution of the magnetotail associated with
substorms. The spacecraft were launched on February 17, 2007. The perigee is 1.1-1.5
R5 and the apogees are 10-12 & for the three inner spacecraft and 20 and 32 R. for the
two outer spacecraft. The five spacecraft were aligned along the magnetotail every four
days in the winter of the Northern Hemisphere in 2008 and 2009. The inclination is
5°-9°. The total wet mass of each spacecraft was 126 kg. Each spacecraft has a
comprehensive set of instruments for low- and high-energy ions and electrons, and DC
and AC electric and magnetic fields.

In 2009, a spin-off of the THEMIS mission, ARTEMIS [27,28], started by repositioning
the two outermost THEMIS spacecraft in lunar equatorial orbits at ~55-65 R, at a
selenocentric distance of ~1.1-12 lunar radii (100 km x 19,000 km in altitude)
with an inclination of 10°. The separation of the two spacecraft are 500 km to 5 R,
This mission aims at the distant magnetotail, the solar wind, and the lunar space

environment.

2.4 Magnetospheric Multiscale (MMS; 2015, USA)

The MMS mission [29,30] is the fourth mission of the Solar Terrestrial Probes (STP)
program of NASA’s Heliophysics Division. The main target is electron dynamics (kinetics)
of magnetic reconnection at the dayside magnetopause and in the magnetotail, which
is a fundamental process of plasma transport and energy conversion. Hence the mission

consists of four identical spacecraft that fly in a tetrahedral configuration as the Cluster

https://www.jstna.org | 7
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spacecraft, but the separations of the four MMS spacecraft are 10400 km, much smaller
than those of Cluster. The MMS spacecraft were launched on March 12, 2015. The
apogee was 12 R, for the first two years to observe dayside magnetopause reconnection,
and then it rose to 25 R, to observe magnetotail reconnection. The perigee is 1.2 R,
The inclination is 28°. The total wet mass was ~1,250 kg. Each spacecraft has a com-
prehensive set of instruments for low- and high-energy ions and electrons, and DC and
AC electric and magnetic fields. In addition to distinguishing between spatial and
temporal variations and deriving differential quantities, the MMS spacecraft can measure
low-energy ions and electrons at 150 and 30 ms time resolutions, respectively, much higher

than ever, to discuss ion and electron kinetics in the small magnetic reconnection site.

2.5 Exploration of Energization and Radiation in Geospace (ERG; Arase,
2016, Japan)

The ERG mission (nicknamed Arase) [31-33] is a small spacecraft project of Japan
Aerospace Exploration Agency (JAXA). The main targets are the radiation belts and the
ring current in the inner magnetosphere and space storms. The ERG spacecraft was
launched on December 20, 2016. The orbit is 440 km x 5 R, in altitude. The inclination
is 32°, higher than the Van Allen Probes, 10°. The spacecraft’s total wet mass was 350 kg.
ERG has a comprehensive set of instruments for low- and high-energy ions and electrons,
and DC and AC magnetic and electric fields. It also has a Software-type Wave Particle
Interaction Analyzer (S-WPIA), which the Van Allen Probes did not have.

2.6 Cusp Plasma Imaging Detector (CuPID; 2021, USA)

The CuPID mission [34,35] is a six-unit (6U) Cube spacecraft project of NASA’'s CubeSat
Launch Initiative (CSLI) [36]. To study macroscale properties of solar wind-magneto-
sphere interaction, i.e., dayside magnetopause reconnection, the spacecraft measures
soft X-rays emitted from the process of charge-exchange between solar wind ions and
neutral atoms in the magnetosheath and the magnetospheric cusps. The spacecraft was
launched on September 27, 2021, but it seems that communication between the
spacecraft and the ground has not been established yet [37]. The altitude is 550 km, and
the inclination is 98°. The total mass of the spacecraft is 8 kg. In addition to the soft X-

ray imager, the spacecraft has energetic radiation detectors and a magnetometer.

2.7 EQUilibriUm Lunar-Earth Point 6U Spacecraft (EQUULEUS; 2022,
Japan)

The EQUULEUS mission [38—40], conducted by JAXA and The University of Tokyo, is a
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deep-space 6U spacecraft mission that demonstrates low-energy trajectory control
technologies by cruising to the Earth-Moon libration point 2 (EML2). The spacecraft was
launched as a secondary ride-on spacecraft on NASA's Artemis 1 Space Launch System
on November 16, 2022 [41,42] and will arrive at EML2 using lunar flybys and maneuvers
one and a half years later. The total wet mass of the spacecraft was 11 kg. The spacecraft
has a Helium ion (He") imager for the plasmasphere named Plasmaspheric Helium ion

Observation by Enhanced New Imager in eXtreme ultraviolet (PHOENIX) [43].

3. FUTURE MISSIONS FOR EARTH'S MAGNETOSPHERE

A lot of future missions for Earth’s magnetosphere are being prepared for launch and
proposed, including not only large-class missions but also small spacecraft missions.
Here I introduce LEXI, Gateway, SMILE, HelioSwarm, STORM, GTOSat, GEO-X, Plasma
Observatory, MagCon, AME, and CORBES.

3.1 Lunar Environment Heliospheric X—Ray Imager (LEXI; 2024, USA)

An X-ray imager similar to CuPID, LEXI [44], is being developed as part of NASA's
Artemis lunar program [41,42] and will be delivered and deployed on the lunar surface
through Artemis’ Commercial Lunar Payload Services (CLPS) project in 2024. The

instrument will take global soft X-ray images of the dayside magnetopause.

3.2 Gateway (2024, USA)

The Gateway [45], a part of NASA’s Artemis program [41,42], is an outpost orbiting the
Moon to support landers and astronauts to the lunar surface and prepare for exploration
beyond the Moon. The first Gateway modules are targeted to launch no earlier than
November 2024. The Gateway will be inserted into a near-rectilinear halo orbit, i.e.,
highly eccentric polar lunar orbit at 0.5 &, x 11 R,[46]. A scientific instrument package,
Heliophysics Environmental and Radiation Measurement Experiment Suite (HERMES)
[47,48], will be placed on the Gateway. It measures low- and high-energy ions and

electrons, and DC and AC magnetic fields to study the solar wind and the magnetotail.

3.3 Solar Wind Magnetosphere lonosphere Link Explorer (SMILE; 2024
or 2025, Europe—-China)

The SMILE mission [49-53] is the second joint mission of ESA and Chinese Academy of
Sciences (CAS). (The first ESA-CAS joint mission was the Double Star Project.) SMILE's
main targets are solar wind-magnetosphere interaction by soft X-ray imaging of the

magnetopause and cusps, and resulting auroras, such as substorms, by ultraviolet

https://www.jstna.org | 9
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imaging. The SMILE spacecraft will be launched in 2024 or 2025. The orbit is 2 Bz x 20
Ry and the Inclination is 73° or 98°. The spacecraft’s total wet mass is < 2,250 kg. SMILE
has a soft X-ray imager for the dayside magnetopause and cusps, an ultraviolet imager

for global auroral distribution, and instruments for low-energy ions and DC magnetic

fields.

3.4 HelioSwarm (2028, USA)

The HelioSwarm mission [54,55] was one of the five Medium-Class Explorer (MIDEX-
19) proposals for concept studies, supported by NASA Heliophysics Explorers’ program,
and was selected as one of two proposals for launch. The mission consists of 9 spacecratft,
1 hub (mother spacecraft) and 8 nodes (small spacecraft), to study the complex three-
dimensional structures of fundamental, universal plasma turbulence seen in the solar
wind as well as the magnetosphere. The spacecraft are targeted to launch in 2028. The
orbitis 17 R, x 60 R, with alow inclination. The mass of the hub and that of a node are
727 and 73 kg, respectively. The spacecraft measure low-energy ions and DC and AC
magnetic fields at multiple scales ranging from MHD scale (3,000 km) to less than ion
kinetic scale (50 km) simultaneously.

3.5 Solar-Terrestrial Observer for the Response of the Magnetosphere
(STORM; Concept Study, USA)

The STORM mission [56,57] was another MIDEX-19 proposal for concept studies,
supported by NASA Heliophysics Explorers  program, but was not selected for launch.
The STORM mission proposed to study solar wind-magnetosphere interaction, and
resulting auroral and ring current dynamics, based on global imagers. The spacecraft
was planned to take a circular orbit at 30 &5 with an inclination of 90°. It was also
planned to have a soft X-ray imager for the magnetopause and the cusps, a far ultraviolet
imager for aurora, an energetic neutral atom imager for the ring current and the plasma
sheet, and a Lyman alpha imager for the exosphere, as well as instruments for low-

energy ions and electrons, and DC magnetic fields.

3.6 Geostationary Transfer Orbit Satellite (GTOSat; Proposed, USA)

The GTOSat mission [58,59] is a 6U CubeSat mission in GTO, led out of NASA’s
Goddard Space Flight Center through NASA’s Heliophysics Technology and Instrument
Development Low Cost Access to Space (H-TIDeS LCAS) program in 2018. GTOSat will
act as a pathfinder for future magnetospheric constellation missions and missions
beyond low Earth orbit (LEO). GTOSat's main target is radiation belt dynamics. The orbit
is ~185km x 5.5 R;in altitude with alow inclination of < 25°. GTOSat measures high-
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energy ions and electrons and DC magnetic fields. The spacecraft was scheduled to
be launched in August 2022, but it was not launched because it could not meet the

25-year orbital debris mitigation rule. The mission will look for another launcher

[60].

3.7 GEOspace X-Ray Imager (GEO-X; Proposed, Japan)

The GEO-X [61,62] spacecraft, being developed by Tokyo Metropolitan University,
JAXA, and several other Japanese universities, is a 50 kg-class, 12 U CubeSat for taking
global images of the magnetopause and cusps through soft X-ray emissions. The
spacecraft is proposed to be launched in 2023-2025 and then inserted into an elliptical

orbit with an apogee of ~40 &;and an inclination of ~30°.

3.8 Plasma Observatory (Proposed, Europe)

The Plasma Observatory mission [63] was proposed as a large-class mission of ESA
Voyage 2050 science program [64] and was selected for further study for the M7 mission
opportunity [65]. The mission aims to understand particle energization by magnetic
reconnection, jets, waves and turbulence, shocks, and interplay between them in the
magnetotail and at the magnetopause and the bow shock from simultaneous multiscale
observations of electron and ion/fluid with nonlinearity and nonstationarity. For this
purpose, at least 7 spacecraft form a constellation with two tetrahedrons sharing one
corner. The mission considers two options for spacecraft: 7 identical spacecraft with a
wet mass of ~250 kg, or one mother spacecraft for high-resolution observations and 6
smaller identical daughter spacecraft for lower-resolution observations. The spacecraft
are targeted to launch by 2037. The orbit is planned to be 8 B, X 25 R, with a low
inclination. The spacecraft is planned to have improved instruments for comprehensive
measurements of low- and high-energy ions and electrons, and DC and AC electric and

magnetic fields.

3.9 Magnetospheric Constellation (MagCon; Proposed, USA)

The MagCon mission [66] was proposed to study mass and energy transport from the
solar wind to the magnetosphere and energy storage and release processes in the
magnetotail, i.e., substorms. A number of spacecraft are distributed between 6-8 and 25
R; with a low inclination. Originally this mission was planned to consist of 96 small
spacecraft and reduce to 36 later. Because of huge cost, however, the current plan is to
consist of 12 small spacecraft, which is the heritage from NASA’s past small spacecraft
Space Technology 5 (ST-5) [67,68]. The total mass of each spacecraft is 35 kg. Each

spacecraft measures low- and high-energy particles and DC magnetic fields.

https://www.jstna.org | 11



Current and Future Magnetospheric Missions

12 | https:/doi.org/10.52912/jsta.3.1.1

3.10 Self-Adaptive Magnetic Reconnection Explorer (AME; Proposed, China)

The AME mission [69], another CubeSat constellation mission, was proposed for the
Strategic Priority Research Program on Space Science II, CAS and is currently in the pre-
phase A stage. The target is magnetic reconnection in Earth’s magnetopause and
magnetotail. The mission consists of one mother spacecraft and 12 CubeSats to resolve
cross-scale plasma processes from electron (1-10 km) and ion (100~1,000 km) kinetic
scales to macro scale (1-3 &p. The orbit is 2.2 &z X 11 R for the first 2 years for the
dayside magnetopause and 2.2 R, x 23 R, for the next 2 years for the magnetotail, or
11 Ry x 23 R, as another option. The inclination is 23.5°. The dry mass of the mother
spacecraft and that of each CubeSat are 605 and 67 kg, respectively, and the total wet
mass is 2,084 or 2,495 kg, depending on the orbit. The mother spacecraft and all
CubeSats are equipped with a magnetometer and low-energy ion and electron detectors,
which will be heritages from the SMILE mission. In addition, the mother spacecraft

measures high-energy particles and AC magnetic and electric fields.

3.11 COnstellation of Radiation BEIt Survey [CORBES; Proposed,
Committee On SPAce Research (COSPAR)-China]

The CORBES program [70,71] was proposed by National Space Science Center (NSSC),
CAS, coordinated by the Sub-Group on Radiation Belt (SGRB) of the Task Group on
establishing a Constellation of Small Satellites (TGCSS) of COSPAR. Multiple institutes,
universities, and industries are expected to contribute one or more spacecraft to
form a constellation of ten or more CubeSats for very fast survey of the radiation belts.
The orbit is near the equatorial plane with an apogee of ~7 R; or similar to GTO. Each
spacecraft is required to measure at least high-energy electrons and DC and AC

magnetic fields.

4. CURRENT MISSIONS FOR PLANETARY MAGNETO-
SPHERES

In this section, I introduce the current planetary magnetospheric missions, BepiColombo
for Mercury and Juno for Jupiter. Until recently the following missions were operated,
but I omit them here.

+  MESSENGER (MErcury Surface, Space ENvironment, GEochemistry, and Ranging;

launched in 2004, orbited Mercury in 2011-2015; NASA, USA) [72-75]
*  Cassini/Huygens (launched in 1997, orbited Saturn in 2004-2017; NASA, USA and
ESA, Europe) [76-79]
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4.1 BepiColombo (Mercury, 2018, Europe—-Japan)

The BepiColombo mission [80-84] is a joint mission of ESA and JAXA for
comprehensive exploration of Mercury and part of ESA’s Cosmic Vision program. It
comprises two spacecraft: the Mercury Planetary Orbiter (MPO) led by ESA mainly for
Mercury's interior, surface, exosphere, and magnetosphere, and the Mercury
Magnetospheric Orbiter (MMO, nicknamed Mio) led by JAXA for the exosphere and
magnetosphere. The two spacecraft were launched on October 20, 2018, and are
stacked and transferred by the Mercury Transfer Module (MTM). After the first and
second Mercury flybys on October 1, 2021, and on June 23, 2022, respectively, and four
more Mercury flybys, the two spacecraft will be released and injected into polar
orbits in 2025. For MPO, the orbit is 480 km X 1,500 km in altitude. The total wet mass
is 1,820 kg. MPO has instruments for low-energy ions, high-energy ions and electrons,
and magnetic fields. For MMO, the orbit is 590 km x 11,600 km in altitude. The total
mass is 275 kg. MMO has a comprehensive set of instruments for low- and high-energy
ions and electrons, energetic neutral atoms, and DC and AC magnetic and electric fields.
It also has a spectral imager of sodium, a major constituent of Mercury's atmosphere.
Combining the two spacecraft's concurrent observations, we can study coupling of the
solar wind, magnetosphere, exosphere, and surface. This is a vital difference between
BepiColombo and MESSENGER.

4.2 Juno (Jupiter, 2011, USA)

The Juno mission [85-88] is the second mission in NASA's New Frontiers Program for
studying Jupiter's origin, interior, atmosphere, magnetosphere, and aurora. The
spacecraft was launched on August 5, 2011, and inserted into polar orbit around Jupiter
in 2016. At the end of the mission, the spacecraft will impact Jupiter. The perijove and
apojove are < 5,000 km in altitude on the dayside and 8 x 10° km (113 Jovian radii) on
the nightside, respectively, and the inclination is 90°-105.5°. Hence Juno covers the
nightside equator at 15-100 Jovian radii. The total wet mass was 3,625 kg. Juno has a
comprehensive set of instruments for low- and high-energy ions and electrons, and DC
and AC magnetic and electric fields, as well as ultraviolet and infrared spectral imagers

for auroras.

5. FUTURE MISSIONS FOR PLANETARY MAGNETO-
SPHERES

Here I introduce future planetary magnetospheric missions being prepared for launch,
JUICE and Europa Clipper for Jupiter, and proposed missions, UOP for Uranus and
Neptune Odyssey for Neptune.
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5.1 Jupiter lcy Moons Explorer (JUICE; Jupiter, 2023, Europe)

The JUICE mission [89-93] is the first large-class mission in ESA’s Cosmic Vision 2015~
2025 program. The mission studies Jupiter, including its magnetosphere, and the
habitability of three of Jupiter's largest moons, Ganymede, Callisto, and Europa, as well
as Ganymede’s mini-magnetosphere. The spacecraft will be launched in 2023 and
inserted into equatorial orbit around Jupiter in 2031. It will perform 35 flybys of Europa,
Callisto, and Ganymede, raising the inclination. After that, it will orbit Ganymede. The
total wet mass of the spacecraft is ~2,900 kg. JUICE has a comprehensive set of
instruments for low- and high-energy ions and electrons, and DC and AC magnetic and
electric fields, as well as ultraviolet and visible-infrared spectrometers and an optical

camera that can observe auroras.

5.2 Europa Clipper (Jupiter, 2024, USA)

The Europa Clipper mission [94-97] is under NASA’s Solar System Exploration Program.
The mission studies mainly the habitability of Jupiter’s fourth largest moon, Europa, but
can study Jupiter's radiation and interaction of Europa’s atmosphere and ionosphere
with Jupiter’'s magnetosphere [98]. The spacecraft will be launched in 2024 and inserted
into highly-elliptical orbit around Jupiter in 2030. It will perform ~50 Europa flybys at
altitudes of 252,700 km and also Ganymede and Callisto flybys. The total wet mass of
the spacecraft is ~6,000 kg. The instruments that can measure the magnetosphere
include low-energy ion and electron detectors, radiation monitors, a magnetometer, and
an ultraviolet spectrometer. Europa Clipper and JUICE will be able to collaborate in

concurrent in situ observations of Jovian magnetosphere.

5.3 Uranus Orbiter and Probe (UOP; Uranus, Proposed, USA)

The UOP mission [99,100; see also 101] is proposed for the 2023-2032 Planetary
Science and Astrobiology Decadal Survey [102] and endorsed as the highest-priority
flagship mission. This mission aims to understand the ice giant planet Uranus
comprehensively, including its rings, moons, and space environment. The spacecraft
would be launched in 20312032 or 20322038 and start to orbit Uranus ~13 or 15 years
after launch. The spacecraft would take both polar and equatorial orbits by performing
satellites flybys for ~2—4 years. The total wet mass of the spacecraft and probe is 7,235
ke. The spacecraft has instruments for low- and high-energy ions and electrons, DC
electric and magnetic fields, and high-frequency waves as well as an ultraviolet
spectrometer for auroras. In addition, an atmospheric entry probe is deployed into

Uranus's atmosphere.
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5.4 Neptune Odyssey (Neptune, Proposed, USA)

Neptune Odyssey [103,104] is a NASA Planetary Mission Concept Study (PMCS) for the
2023-2032 Planetary Science and Astrobiology Decadal Survey [102]. This mission aims
to understand the ice giant planet Neptune comprehensively, including its rings, small
moons, planet-sized moon Triton, and space environment. The spacecraft would be
launched in 2033 and start to orbit Neptune in 2049. The altitude and inclination are
altered using Triton flybys to cover a wide area. The total wet mass of the spacecraft is
3,816 kg. The spacecraft has instruments for low- and high-energy ions and electrons,
DC magnetic field, and high-frequency waves as well as images of energetic neutral
atoms and auroras. In addition, an atmospheric entry probe is deployed into Neptune's

atmosphere.

6. DISCUSSION AND SUMMARY

More spacecraft than ever are operated nowadays, but we have only a few to about
ten spacecraft at most in the vast magnetosphere simultaneously in coordination. Even
so, in scientific research, observations by past and current spacecraft have established
or is establishing the overall pictures of the structure of each region in the
magnetosphere and the magnetotail (e.g., the magnetopause; the radiation belts, the ring
current, and the plasmasphere in the inner magnetosphere; the plasma sheet and the
lobe in the magnetotail) and the dynamics of geomagnetic disturbances (e.g., storms,
substorms, magnetic reconnection, and radiation belts electron acceleration). Fur-
thermore, although encounters with the key regions are limited, observations by
formation-flying spacecraft have revealed the magnetospheric structure and dynamics
in each of MHD scale (> ~1,000 km by THEMIS and other conjunctions), ion scale
(~100-1,000 km by Cluster), and electron scale (~ 10 km by MMS) to some extent. These
pictures, however, are fragmentary, combinations of observations under different
conditions at different times. The magnetosphere is vast, magnetospheric phenomena
are global, and the processes are complicated, so we always have to consider whether
spacecraft continuously observed the structure and phenomena of interest in the right
place at the right time.

In the future scientific research, in addition to establishing the more detailed pictures
of the magnetospheric structure and each phenomenon further by more observations,
it is essential to understand cross-regional coupling, cross-energy coupling, and cross-
scale coupling. Cross-regional coupling is interaction between the solar wind, the
magnetosphere, and the ionosphere through field-aligned currents, electric fields, and
plasma waves. Through these processes, mass, momentum, and energy are transported

from the solar wind through the magnetosphere to the ionosphere. Cross-energy
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coupling is interaction between low- and high-energy particles through wave-particle
interaction, which is thought to be important for, for example, radiation belts electron
acceleration. Cross-scale coupling is interaction between electron, ion, and MHD scales,
that is, interaction between micro-scale phenomena and macro-scale phenomena and
structure, which is thought to be important for, for example, magnetic reconnection.
Thus, different regions and plasma populations with different energies are coupled to
cause dynamic disturbances. For understanding of the coupling processes, we need
more coordinated simultaneous multipoint observations in both small and large scales
in full energy and frequency ranges at a very high time resolution. Here it is greatly
helpful to integrate not only in situ and remote-sensing observations by multiple
spacecraft but also ground-based network observations (e.g., magnetometers, radars,
and cameras), theories, and simulations. If our understanding deepens and many
constrains are given, we may possibly predict geomagnetic disturbances much more
accurately as an ultimate goal. A series of reviews on specific subjects and future issues
in magnetospheric research can be found in a book [105].

For magnetospheric missions, most of past and current spacecraft are of large or
medium class, carried out in international collaboration. Small spacecraft, including
nano-spacecraft and CubeSats, tend to increase for future missions, particularly
formation-flying small spacecraft (e.g., HelioSwarm). For onboard instruments, many
missions adopt combining newly-developed instruments and heritages from past
missions. A recent trend seems to be imaging (e.g., SMILE) [106 for a review of imagers].
If it is realized, combining imaging and in situ observations could enhance our under-
standing of magnetospheric dynamics. Active experiments [107,108; and references
therein] seem to be few after the DSX mission.

Combination and balance of large- and small-class missions are important [109]. The
opportunities of large-class spacecraft are limited, but this class of spacecraft can make
comprehensive observations of low- and high-energy particles, DC and AC electric and
magnetic fields, and images and is required to cover a broad range of science objectives.
On the other hand, for small spacecraft, onboard instruments are limited to only a few
and hence so are the science objectives, but there are more opportunities of launches
due to low cost. In addition, small spacecraft can be used for demonstrating the feasibility
of new mission concepts, technologies, and unique orbits for larger missions [110,111].

Furthermore, multipoint measurements are important for deepening our under-
standing of space physics and environment [110]. Small spacecraft have the potential to
accomplish constellation missions. Here spacecraft and instruments may not necessarily
need to be identical, as proposed by CORBES. Besides, a fractionated constellation of
small spacecraft [111-113], each of which makes different observations and is built by a

different agency, may have the potential to perform better than large missions.
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Abstract

As Korean first lunar probe, Danuri, succeeded in entering lunar orbit, Korean new space exploration
plans such as Mars exploration can be expected. Korean space exploration payload is developed only in

alimited field, so there is a need to create a new space exploration payload. In foreign countries, there
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is a mass spectrometer as a basic equipment for space exploration, and it is a very useful payload that
encompasses the exploration of life through the analysis of organic matter as well as the observation of
the atmosphere and volatile substances of the exploration target. However, Korea has never developed
a mass spectrometer payload for space exploration, so it is necessary to secure technology in
preparation for future space exploration. Before that, we look at the scientific achievements of foreign

mass spectrometer payloads for space exploration and identify trends.
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Fig. 1. History of mass spectrometer for space exploration [6].
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Table 1. Chronological table of mass spectrometer for space exploration

Launch
Joar Mission name Payload name Type Observation target
1972 Apollo 17 Lunar atmospheric Magnetic Moon
composition experiment sector
(LACE)
1975 Viking Gas chromatograph Magnetic Mars
mass spectrometer sector
(GCMS)
1978 Pioneer Venus Bus neutral mass Magnetic Venus
spectrometer (BNMS) sector
Orbital neutral mass Quadrupole Venus
spectrometer (ONMS)  mass filter
Venera 11/12 Venera neutral mass Venus
spectrometer (VNMS)
1981 Venera 13/14 VNMS Venus
1984 Vega 1/2 Dust impact mass ~ Time—-of-flight Venus, 1P/
analyzer (PUMA) Halley
1985 Giotto Neutral mass Magnetic 1P/Halley
spectrometer (NMS) sector
Particle impact analyser Time—of-flight
(PIA)
1989 Galileo Galileo probe mass Quadrupole Jupiter
spectrometer (GPMS)  mass filter
1995 Solar and Charge, element and  Time—of-flight Sun
heliospheric  isotope analysis system
observatory (CELIAS)
(SOHO)
1997  Cassini-Huygens lon and neutral mass ~ Quadrupole Satrun
spectrometer (INMS) mass filter
GCMS Quadrupole
mass filter
1998 Nozomi Neutral gas mass Quadrupole Mars
(failure) spectrometer NGMS)  mass filter
1999 Stardust Cometary and interstellar Time—of-flight 81P/Wild
dust analyzer (CIDA)
2002 CONTOUR Neutral gas ion mass  Quadrupole 2P/Encke,
(failure) spectrometer (NGIMS) ~ mass filter  73P/Schwassmann-
Wachmann,
6P/d’ Arrest
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Table 1. (Continued)
Li/l;r;(:h Mission name Payload name Type Observation target
2004 Rosetta Ptolemy lon trap 67P/Churymov-
Rosetta orbiter Magnetic Gerasimenko
spectrometer for ion sector
and neutral analysis
(ROSINA)
Cometary samplingand Time—-of-flight
composition (COSAC)
Cometary secondary ion Time-of—flight
mass analyser (COSIMA)
2008 Phoenix Thermal and evolved gas ~ Magnetic Mars
analyzer (TEGA) sector
2009 International Vehicle cabin lon trap Earth
Space Station atmosphere monitor
(1SS) (VCAM)
2011 Mars Science  Sample analysis at Mars  Quadrupole Mars
Laboratory (MSL) (SAM) mass filter
2013 Lunar NMS Quadrupole Moon
atmosphere and mass filter
dust
environment
explorer (LADEE)
Mars NGIMS Quadrupole Mars
atmosphere and mass filter
volatile evolution
(MAVEN)
2023 Jupiter icy Neutral ion mass Time—of-flight Ganymede,
(0Ix)  moons explorer  spectrometer (NIM) Calisto, Europa
(JUICE)
2024 Europa Clipper  Mass spectrometer for Time—of-flight Europa
1) planetary exploration
(MASPEX)
2028 ExoMars rover  Mars organic molecule lon trap Mars
(o1 &) analyzer (MOMA)
30 | https://doi.org/10.52912/jsta.3.1.26
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SFEAE 237100 Aokt Al AEEAIR of2go] mEE {RIEAL 2EA
AFE0] T2 FPEALE 19729 vl=olA BARE §21 & HAM oFEE(Apollo) 172.9]
lunar atmospheric composition experiment(LACE)}2 magnetic sector BE]2] AE447]
2 A% B-EA-EE(Taurus-Littrow) ZA710] AX|=AKFig. 2). ¥l =gl
ot v 71A FF= £017] fIsl Wl ZFsE]loH, g AREe R oF 9UZt Hof| Bt
£ U2(Ne)& IZSIATHT]. S 270l 29 B 52t Ne £ HaPF g3 TA 3
AOE AAZANE, BE7FolA YT FA7F UERA] 2ot Dol Ne #3EE A5t
A2 7FokR] F2 A 0= LEPHTHS]

a0l A 197540l TARE 3 FAbARL Blel(Viking) 159 2271 Qlow, 27
A=Ay 2502 A=, AFEAN7] YA gas chromatograph mass spectrometer

-

fr oo

Geophone Rock 4, sEp ¢ ontralfStation

<
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B

Heat Flow Gravimeter

A

Deep drill core hble
with neutron flux probe

Fig. 2. Lunar atmospheric composition experiment (LACE) is installed together with other

equipment (Image credit: NASA).
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A 2 E(Giotto)= 19859 &-H-2F=HFuropean space agency, ESA)OA ZALE &2j5|A
FHE vty ST FARKIO|tHFig. 3). o] BARAOlE particle impact analyser(PIA),
neutral mass spectrometer(NMS) & 719] AZFEA7|7} gA= 0] ot NMSE d/de] Fnt
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C, N, O7} 352t 2 ZRlskitHIol.

198949 wl=tollA IAbE 288 (Galileo)q= H4T AES BA: AFE 7L
o}, AFEA7] gAAE= Galileo probe mass spectrometer(GPMS)E £4 th7]19] 2] H
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HMC 68 Image Composite
Comet Halley 14th March 1986

Fig. 3. A view of the 1P/Halley photographed by Giotto (Image credit: ESA).

2.2.3 19904 Ly

19954 u|=3} §o] 35 7Neste] TARH solar and heliospheric observatory(SOHO)
2 HFE S0l FARA o2 AFRAY] H@AAl= charge, element, and isotope analysis
system(CELIAS)Z E|E 74 28 ¥53h= 20| J3o|thFig. 4). CELIASE Het &
=5 7H Bg3olA Si, Ne, Mgl BS54 -du]el Heks d5siion, =9 |
TN FAL AT Haslks A EHsTHI9L

1997 AR FHAY -5 AA(Cassini-Huygens)= EA BAMKICE wl=o] 7idgt
Cassini EA #%Al, ESAZF 70 &St Huygens Elo|EH(Titan) &4 & T 719) 5408
TFA=0] ot AFEA7] Cassini®ll A€ ion and neutral mass spectrometer(INMS)©]
ok 3 522 golgt 13719 1 2 9 EAO] A EtAntete] Ao Ag 24
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Fig. 4. The charge, element and isotope analysis system (CELIAS) instrument for solar and

heliospheric observatory (SOHO) (Image credit: ESA).
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Fig. 5. Comet 67P/Churyumov-Gerasimenko by Rosetta (Image credit: ESA).

718 FA =] At Rosetta A=Al G2 AeFEA]7] 0182 Rosetta orbiter spectrometer
for ion and neutral analysis(ROSINA), cometary secondary ion mass analyzer(COSIMA),
2240 Philaeo] "AE FEA7|= Prolemy, cometary sampling and composition
(COSAC)eIt. ROSINAE 13 th7]19F Mol s, 4, 4 4 2 7149
259 A &% 55 J&éoP‘ XS 7ML QIEH26]. 1AL S Aute] iy B
= = S X 2|0 w2 —Ev— ApolE Hstglon, s %(_9}
o ogt Hog —rﬂo}‘ﬂ‘:} 271 Ot 3 24 5 Y 40 $549] H(D/Hye S4t
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8ol &2 HIA 27191 A Aoz HIFAH31] EL S0l EASks #

8’ Ao dht 77to] sEfske A wAstReH, HidA A B 2719 2EsE &
SH A 32].
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LADEES} 22 ]9l 20134 u]=ollA] ¥ARE Mars atmosphere and volatile evolution
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(instrument
inside rover)

Fig. 6. Sample analysis at Mars (SAM) in Mars science laboratory (MSL) (Image credit: NASA).
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NGIMS

luvs ¢

Fig. 7. Neutral gas and ion mass spectrometer (NGIMS) on Mars atmosphere and volatile
evolution mission (MAVEN) [44].
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A Study on the System Design for Deep-Space Probe
Reference Model
Fuikeun Kim, Hyeon-Jin Jeon®

Korea Aerospace Research Institute, Daejeon 34133, Korea
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Abstract

In order for a latecomer in deep—space exploration such as Korea to quickly keep pace with advanced
deep—space exploration countries in the mutually—beneficial space exploration market, it is essential to
derive a deep-space probe reference model that can reduce development period and cost. In this paper,
concept and configuration for the deep—space probe reference model consisting of basic, lightweight, and
expansion types are newly presented, which are based on commonly required designs for various deep-
space probes. The proposed configuration adopts modular design so that the expandability and design/
implementation efficiency are improved. In addition, the electrical system design pursuing lightweight and
expandability is also described, which is applicable to the proposed three—types of deep—space probe

reference model.

FAlo] ¢ BE A9 g B A AH AA HESH A=s}
Keywords : deep-space probe reference model, system design, modularization, weight
lightening
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71&9] =715=0] oA RIFER HASh: 7 AH|o]ATR O] Hglo] o]f|X| 1
UCH1L ol23t EFEof ¥ gh5of, nja-Z SAHOE k= & "AF AN E AR 43
EHE Sk of2Hu|A R0l AlF dAlo] flow, g BARE do] SRS ST
Moon-to-Mars(M2M) ObjectivesE A5k &= TAOf UATH2,31.

AF7HA 9] SRyt AR R A A=A HAHE ol A il g
=0} AT, 2022 8ol WAk=lo] FAY ballistic lunar transfer H4-& w2t @2 o}
3 = 2yt 29 & A=Al oraEl(Korea pathfinder lunar orbiter)S 7|02
A5 EAF A7 AIRFE]QIThAL 3 5= Qlk SRA|RE, SEuEket T2 A9 wAL Sk
A7F ZHAAL Q= meRt A9 BA A9 W 5o] of= R A ZE oy M2ME 5
LA o7 k= o] AR ZHESto], AT THF R AYPE= SFRA APl B
o7 EAT o) gl Aol

AT Bk ERtelHlel(fly-by) AL AEAS](orbiting) BAE, 2E(landing) BAE E
AE2H(sample returning) BARR}F Zo] 27| 471R] #HA o2 BRS &4 SleH], o] FollA
A5 Ak 5 HWAE e E o, 2 S(hard landing ™ A&FE(soft landing 0=
TaH1, AAAR(in-situ) BARY ZH(rover) BAF 53 GAE o Utk AESE HAs
T8 FAE W= ok 2E/AEE BARF &80y Slidat 2ol mla S HAIE
o= st HATR/AEH R EETHA] o]FA HFet A BANE sl 9F
of BH= AR AT FAME AL o QUARE SEuEel B2 A9 "AF A
Ale AT A AR BEE HlEA 957] Qs IE7I ve2 Y 5 AU
A9 EA 719] 35 AAIS 7HEO R Sl HE AT EAM B mEo] Yig
o[H5].

£ =EolAe ot A9 BAMO a3t Z3BAEAE 7IRe R ofs BE AT '
A HES AASHE=T, 280M = B A9 TAM 7189, AEE, 3ol oigt A
g % S ARSI, 3ol BE AT HAM 7129, B9, 3] A8 5
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BE ST A WG L sy 4

A9Z SAIS AL tho] H BES L SARRA] et Bago] 2ok 4 9w, 4
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NLo= 7193, 29, 999 371 P BE A9 A =Eenh
- BFE HOF YAHY] HGYTLE Befolilo], M3, viady] HA 2, A4 A4
AL 2 AL 8 vl 3 0] EXche B RoR T 3, /14 BE

o

o] Eart fqir7t EAchs AA A5 3 FY WA AF/AUEHE2 287 AFelA

S si}a] Ze07]2 @stR, o] FAME B specific impulse)e] ot 914
A 78] 213t oA bi-propelland WA R T 7] 227 5L A
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A FAM 71832 Fig. 10 YEGl=t, |AbAoA 71 £A 2304 85, & 4
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FH(central tube) ®4lo] EAfcl=t], ¥ FASAHS 36k AFES S0t AEA
O 29| L AEfole], & =RolA ARkl EE A9 BAM2 B Ed uked W
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Fig. 1. Deep-space probe reference model (lightweight type).
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A& (inertial measurement unit, IMU), B354 7](star tracker assembly, STA), BH2-8 &
(reaction wheel assembly, RWA), d71H|2Hnavigation camera) 53 2= A o1A &
WET} EWAEE(transponder, XPDR), Y 53 22 9494 RS, 121 §A4
S| HiXE 4 Atk =&, AHlA f43lo] oY st = F27]9] E5 W3
FHoIAY A7 FHAAY FAAQ] Fe-, AR BEol viRE 5 JAE AR ZEdt
A 2EY FU HIAE AHIA §UE Hl(non)-AHIA FHOE FED Fole HED
A 9 2H/AE HYFo] Ik 4= Qitt. of=dt A= EAlo] THANE FET 4
U, AIE &0, FAFAHY BE, 25 o|Fo= AMESHA| Y= A CIA RS HER
TEste] AFolFol= FA0IE SHA FEF HAISte] FAo] BeS wY 4 Atk AY
oy "AMIRY &2 #=017] {13t SW(hibernation) % Alol% 3 s&soF of
= AHlA BE TER] o= fulo] FHEENH o Z[Hte® GAlof HAE AT
At

HFHAA i E-S A F SOl FH o R HFHE S TS 5 JEFE XY B
U= et W3 S5 o2 Fig. 10l= EASHA] AR & A9 B4
A9 A9 BAE Holixls 718 o 110]52HE WK high-gain antenna, HGA)7} 285
ofof 2t} 2HTF A TS AHsI 7|0 18P HGAE S = AJ7tete] FATt &
Al SOz FgH o ® HIFHES B o AANE FAA AT =50l PFAQl AFRete]
B4lo] st HGAOE A (gimbal) 2-80] Z a5}

FH7|= F 7R FEEE, & $82 895k= DSM(deep space maneuver) 3Rt
A=ES] HsKorbit insertion burn), 181, AZREFS 5t 7 HSHbreaking burn) 5&

98] ARG T F 7|9t B2 A 4

N

e e ok

X

I

J HSKmidcourse correction burn)d} Z-2 22
LL5Eo] AT Aoy = 719 Y oA 9] AAAS], 1=, vHARE o =
AE 3 (dumping) 52 98l AREE= BE5A0] $287|(reaction control thruster, RCT)
7} JZolk. 717t ZZollA 8 SHA E|, Fig. 29 Zo] F7|oA HiEE = dh
7taE AREA HAHA SHR-5(backflow) @430] UEA =1, o]2 Qlsf x| gk
2 Y(contamination), &3 (acrodynamic force) @ Fa 7K heating effect)”} A Ik
= 7.8l 2=, 3719 YA 2ot 2|43 R] FoH, Qo & QIR FoH]|

expansion of

boundary layer : :
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g0 free
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Fig. 2. Thruster gas flow expanding into high vacuum: flow regimes [7].
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Fig. 4. Deep-space probe reference model (lightweight type).

https://www.jstna.org | 49



HE MRF EIAMM AJAR A2 o1

50 | https:/doi.org/10.52912/jsta.3.1.44

Earth Swingby

1/23/88 End of Mission:

February 12, 2001

Deep Space
Maneuver 1

/ Ti3197

Mathilde Flyby
6127/97

2/12/01

aunch
2/17/96 Earth
Orbit

Sun

Deep Space
Vianeuver 2
1/3/39

N\

Eros Flyby
12/23/98 Current Locations of:
Eros Arrival ki
2/14/00 . @ Earth
E Eros
(_-",, NEAR S/C

Fig. 5. Trajectory of near earth asteroid rendezvous (NEAR) shoemaker to Eros touchdown.

FHS o], B F-HAM- SR =Tt 90 TRt AZ & S Sloh o]A2 DSME
ol &%t HE AT HAMIME T5A 2= BRI 4= Ql=H], ole HiFA el BE HA

s

G F20] AL W] uhiolw, ol Qs BAMO] g FEe] A Wl 71
o afok AR Awego] H23ke]7] uolc,

DSM 8k AlZHbum time}e WA TAIY] SESH 2217 St Wil 9y,
A ARSIE 9ol A 8er0]  2ev)h A8HW DSM Ashakie] Lol A7) ek,
A oz, ARPEIFATY W A7 S B AAE opxu gape] DSM-13
DSM-2 HBHARES 217} 1332294 224%0] 281 Hk. 231, 0|3 A4kE F3o] o]
AW e Audeio] aTEE 227 Wk A%Hoz B glolok sk, ol s
DSM F2IolA s 914 A4 Auldeio] A A5tz BjodAs Helggol aHolc
2% grod wiEel 8% 7|9loF St st A oejgre 3 |k web,
DSM TRIIE QPgA0R Bopele Tau] S, Blok-Shatil-Sea Zwrt oo
o 7P7hge olgslel, EoFAATE 7] F) o0 W, B, AT BAY B 2
Bl AN Zo] Adsl. BE, gepAlme] A4H0R Yo vlehg 4 g
= $140] Yaw Aloi7h W4olcHo)

A9F BAMEE FHOR 295 SIS 134 HOAS B4 78 AFsHEs
slol a4 279k FAlo] 7Rse AEZh Hlolof Siek. SAEE, et 18] HOA W eiop
AATE TP A, Bof-TA-A 7Y 2w A DS grouz o
= Eor-epba-1170] 7k T2akl(angle profile)e TEielo] 21Me] HGA Stelt 2w s
AgefoF gk



J. Space Technol. Appl. 3(1), 44-57 (2023)

Fig. 6& 35 7E W A4 IAE B0 EEH olZmA FA9 BiF-=At
A-217 Ze Zgspd(@igbd)elt), 21wt 200004 170° H=71A] HskAlRE, B2 o= of
2 O0° WS 7102 Witk A IRIT 4= it} wEhA, SRt HGAS 90 7
T O] vk wiR|RIh Atete] F4l Fofl Bl AIHe] Bl Off-pointing®] |45}
wo] Aete] Al Fole ol Hro| A=o] B 4 Ut} £, HS-HAKI-AT 24
T Z2uple A rete] FAIAR ] mE B4l £kt tloje A 5o HET vrgE o]
WA Foug sig FE7F A BE 229 HGA e =5 = Ut

=& Fig. 60 UEhd Be} Zo], 2|7}0] F4l Foll= BRI R Bl off-pointing®©]
EAstng YA 541 59 9loz Q5] HGA &zt o2 A EA|7t &3] 3
2R & 5= 1o B g QAT AAIET 7N AR 2P0l HEEA] ZiQJ=lojok Ftt olE
S0], FAAIE FTIH R AFR BFe S0] QYHERE AR AEstaL, g Azt
SEHA A= bV FAMK RS AFStaL lejok sk, i AEAlol® s 71
kAl HifjFof gtk ek BARAS] failovere} 22 Aol thA 22| 59 olf= sl Y4
T AF=E] 713 FAlo] olFAA] row, HAMIE Ao & B4l E5{communication
acquisition)& 918l V== AT WFoE F7H 0w A FAE WA= A0
askal, AT AdaoA= aldEls "AMK WRFe R QHEUE X[7Fsfiof gtk ShA|L,
HAMAS] 2| ete] FAIAY 7 Ui AW BAIEE AoF 57 Q5| dAT AT orE

| . L ; ) ) ; A ) L |

1 ! I 1
Jan 2028 Apr Jul Oct Jan 2029
2028 Jan Date (UTCG)

Fig. 6. Earth—probe—sun angle profile for KARI's apophis probe.
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Abstract

This paper describes a navigation system design for horizontal position estimation using inertial
measurement sensors and celestial navigation. In space, stars are widely spread objects in the celestial
sphere and have been used mainly to obtain attitude information through star observation. However, it is
also possible to obtain information about the horizontal position with the altitude of the star. It is called
celestial navigation which is the same principle that former navigators used to locate themselves while
sailing on the sea. In particular, in deep space where GPS is not available, it is important to obtain information
on the location by making use of stars that are relatively easy to observe. Therefore, we introduce a
navigation system that can estimate horizontal position and design two types of systems, loosely coupled
and tightly coupled depending on how the measurements are utilized. It is intended to help in the future

design of navigation system using celestial navigation by simulation studies that not only verify whether
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the system correctly estimates horizontal position but also comparing the performance of loosely and tightly

coupled methods.

Wao] 1 3 X, BHZAAN, A2 Y, Y Aad, obAY, BAT
Keywords : horizontal position, inertial measurement sensor, celestial navigation,
navigation system, loosely coupled, tightly coupled
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2 IR AolS Fol AlgeolBS 2SItk BEAY AL vf ABeeldnict 9=
[-2/m, 2/m), A [-m, n] Aole] Aele] FHoR Aslel F 10,0008] St
AEEo1A AR Figs. 3, 49 2or] 247} o] A%t 2, 370Q) A90] AuE wAlk,
AgEold AuE B3 W ATt FHSS 9K o] it et Sk A
2 @ % glon] 2709) BE BT ASolE QX Bl AA] i Alsgo] gl
Do} g A BRI S Ik, webd HAASUES o) AN 2ok AS Hol 3
7H O]AP_,] _flj_ g}-o] 01010}: el e 01— 2 9)\]:]— 3t El_ oﬂEﬂcﬂ] Eq—E]- HEE‘:}L' /KH‘HPHO
2 3o 2 A% thet QX 2 S BT 5 ek,

2 stars with 30 arc-seconds altitude error
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Fig. 3. Position errors of celestial navigation with 2 stars.

3 stars with 30 arc-seconds altitude error
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Fig. 4. Position errors of celestial navigation with 3 stars.
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3. SHEAIAH 24

P AAY AAE AsiAE WA s £#8E VIS HRAS AAshke Aol 254
ojtt. & =EolhE HE P AR FE Z8o] 8olske= AUFEANorth East
Down, NED)YE 71 AR AMSSIIth ofis AuztAlolA #dE W59
Al ®7g4l(governing equation}Z UERHTE WASHLAE ok A&eA E 7=

1!

A9 382} 2 scale factor 07 S Tej5A] k1 lololA(bias)ihe olg3te] mEYsH

e
q= %E(Q)wg/N 11
wpN = ((T)g/l —bg—1y) - CN (Q)@N/1 (12)
. Vn
¢ = (Rp+h) 13
j—_ Ve
A= (Rp+h)cosg (14)
’:l = —UD (15)
v =—[V—E+2(u]v sing + N2 4 g (16)
N (Ry+h)cos@ e[ VESUIY Rp+h N
. 4 .
Vg = [—(Rﬁh;ow + Zwe] vysing + ;iﬁ + 2w, vpcosy + ag a7
2 2
v = _R';ﬁ - % — 2wevgcosp + g+ ap (18)
a® = @B -b, —1,) 19)
bg = ngu (20)
ba = Nau @1

714 q, @, A, hi= 22 BIRYAS] AHA, A=, A, A=E WIS, vy, v, vp= A2
NED WFo=9] &&=, T3 by A by A&EEA} 7HEEA|9] vlo|olAE ofu]gtct.

FshE Fst] ffsto] LukARl LFArEE (Extended Kalman Filter)& AH&-SH3T.
e A, A, S, AEEAS} 7IEEA 9] HlolofAR FYE, offe} ol 3
49| FHiz #3°] 7Fssitt

q 8¢
HIEA
x=|v"|, Ax=|av¥|, w= Neu 22
| b Ab T]av
g g Nau
lbaJ [Aba

v

2 ZogRlat AAgEe] Aolg tEhlE 2419l Axol
gt g2lo s BAEY PE Fo 6= (810 Wb 41e Fasigi.

A% = FAX + Gw 23)
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3 RS A5T 4 P8 AN L DAY Ago] Basi g
o] QI Zgkt Al Aolo] BAE Ueh 1
BHZPAS RN S 8 AN, B2

wo] Ao o
59 Aefpaseg

el R=Xoy

e (sensitivity) FPE=
=
=
= T =

R, A=A 3744

9]
kol it Mg e et
WA 8 AN SRS SAIY) BHHEAC e ANIYEE ¢F 2 BET 5 Urk
o714 B} I B4 Tt Y mA YL Sfuigich A EHE CP = ofdhet 2
249

A Hgto = 7@E 4= qirh

o] A%H3l
CP=CE P

25)

P2 g g2 AAeE fA 7 _AE 2ottt 7] WiEe] ot 2ol U
(20)

EEERICE
CF = (1 = [a XDCE@ + [8p x]) € () CF
CF = (1 =l XU = [8p x]) CF

Helstel cheat gk,

CF Gy = —[axDU—[6px]) =1~ [ax]—[6p x]

27)

¥ % Uk
9)

M9} SAEk zgr= TR 2ol e

zgr =1—CP Cp =[ax]+[6p X]

g Hyp = o9} 2t
29

o2

v

o] wizte

Hé‘p,ST' 03><9]
(0)

0 cosQ 0
0 0

H&p,sr = [—1 .
0 —Sing 0

wba] 8 AlA S5k
Hgr = [I3x3,

UA Aol A BIH Hpyor= A ST 2] 221 Alol9] BAE QJulgict, AEFE
31)

AlCIA §1Re] et @F BE spi= Cf CRFE FET < Al
CY =cf +Acy =[1-[6p x]|C¥

91 AollA T2 Al A 4=
[6p x]CY 32
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ARTAAEAS b EXHYoNH AHHEA NIAYO 20 WG BB ofet
o] Aot

—sing cosA —singsind  cos@
cy = —sini cosA 0 (33)
—cos@ cosA  —cos@sind  —Sing
o] uf $IX] 912 EFIH AL ofeier e,
—sin(p + 8¢) cos(A +351) —sin(p + 6¢)sin(A+ 61)  cos(p + 5¢)
cY = —sin(A + 61) cos(A + 64) 0
—cos(@ + 8¢) cos(A + 81) —cos(p + 5p) sin(1+ 61) —sin(g + o)
34)
9] 412 HAste] ejsku ofehet 2k
0 —singdA S —sing cosA —singsinl  cos@
CY = [sing 624 0 cospd —sind cosA 0 (35)
—8¢p  —cospdl 0 —cos@ cosA —cosgsind  —Sing

oA Sp & ofefie] A3 Zow, siF A2 [6e, 61, Sh] ] diEiA mIEE B¢

Hepst A& E53 2 9t
cospda
[Bpx]=|| —b6¢ [x 36)
—sin@dl

EECLR RS %94 =gl e g PR Aok AT BAS B2 P

oA W] =S FBFt] S 9%, 2 Aot ST Aot AES P ALge
Ao AR olulei, o] 4% 1% PYAOLE IS P 5 I o] I

94712 Qot7] Fistod el Zzto] Washue vl 27 ofste] 243kl Solek: 4
S 22 XS AT Fotol OAE WA 2 FSHE ek
AT WAL A9, O T S vl P AL A PHOR AL
SRS ST 02 P SYs Fus Fu A2gelA 1Ko o R 85
o &8 7Rsatchs o] Stk AT BATE S4ake] et hEue Az e v
7% BB 7HIA ek o okaR B9 s WYL Uehic,

_xg_x
()]}

HCNS,loosely: [02x3,  Iax2s  Ozx10] (_9)7)

2 =Bl AXISHE ZAT HAS LOP A8 Zgton BT ol slo] A 4
3t LOP Ajt 917 579 oxjete] BAS fshol det,

sinEl = sin(@ + 8¢) sinl + cos(¢ + 8¢)coslcos(a — GHA — A — §1) (38)
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sinEl = sinEl + [cos@sin — singcos{cos(a — GHA — 5A)] 8¢ +
[cos@cossin(a — GHA — 1) 62

3 L NI PP okt Zor] ish NS WA ST &

wheb, A BAl] 5% e o
zx0) A4g 77t ojulatet.

Zens tighety = SINEl; — sin(@) sing; + cos(@)cosg;cos(a; — GHA — 1) (40)
Henstignety = [Onxas ooy Hea,  Oyxiol (@A)
Hsq, = cos@sing; — sinpcosy;cos(a; — GHA — 1) 42)
Hs;, = cos@cosy;sin(a; — GHA — 1) (43)
npReto 8 VA RRE S53t 1k 3k tieh i E PES ohga Zrh
Halt - [01><5' 1, 01><9] (44)
HFHog g AAH ARgER= WIE PEL ofefiet At HE PHY vHE FE2 <F
A%t 52 AT Aol wEh WA
HST
Hppeas = |Hens_tignety 45)
Halt

AASE 3 A|AEIS Table 13+ Zo] ZEE 4= 9

Table 1. Overall algorithm of proposed navigation system with celestial navigation

(Propagation Step)

- Attitude
wg/N = (53/1 — by — TIv) - Cﬁ(‘])w%/l
. 14 B
q= E:'(q)wB/N

- Position and velocity

. Vy s Vg .
@ (Rp+h)’ (Ry+h)cosgp’ b

+ Zwe]

Uy = — [75
N (Rp+h)cosp

+ Zwe] vy Sing vpcosy + ag

¢ =[G
vp = —%—%— 2wevgcosp + g+ ap
- Covariance matrix
P(t) = F[&(t), t]P(t) + P(OFT[R(E), t] + G)Q()GCT(t)
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Table 1. (Continued)

{Update Step From Each Sensor)

- Sensitivity matrix of star sensor
Hgr = [I3x3,  Hspsrr O3xo]
- Sensitivity matrix of altimeter
Hyr = [O1xs, 1, O1xo]
- Sensitivity matrix of celestial navigation
-FORi=1:N
Hiczvs, tightly — [Onxs, H&P' Hsz,  Oyxiol
END FOR
H = [Hgr, Haye, Hens]”
- Gain calculation
Ky = Py H &) [HPF HT (%) + R ™
P¢ =1 = KH™ (®)1P¢
- Final update
AR} = KilZz — H(%)]

X =% + A%

4. A=g0]d Zat

AlEEoldels AR P AlAglo] guteA] AHHeES FsheA] Felsiet.
oI5 fist] A= AXMES] 52 Tt 2ol Alsiqint. ¥ A= 10 arc-second(lo)
o Z8twot 10 Hz9) QFlolE &8 7St 5 Fol A9 oFag PAlolie 2
o IERRE A=t BEE HiASHE E3 Atst] f%%* Al2glol] Algst, A
o] A9 Ho] 1EE IR g AA=0] HlFslo] LOP A EAZro R AL83t & 9w
= Stairt. meb A% o] 3 flst] 3719] Ee] I=E 30 arc-second(10)9]
T2 M AL 7PFsIen, E AlAeL BU5H| 10 Hz9) dHlolE s 7159k
URARO 2 MEAlE 1 Hz YHe|E S0t A ke g 1%(10) RAFE 7HHaL 7h
Jsteleh.

AEd|o1 AN ASE TSRS A5 W 7] QA= Table 2 # Table 301 st
Aow, AlgHolde & 1,000 YTt

lo

Table 2. Specification of inertial measurement units

Inertial measurement unit

Gyroscope Accelerometer
Update rate 50 Hz
Random noise 0.005 deg/rhr 17 ug/rHz
Bias 0.01 deg/hr 30 ug
Bias drift 0.005 deg/hr 30 ug/hr
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Table 3. Initial errors for simulation study

Initial error
Attitude [0.1deg —0.1deg 0.1deg]
Position [-0.01deg 0.01deg 50m]
Velocity [-5m/s 5m/s 5m/s]
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Fig. 5. The attitude errors of proposed navigation system.
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Fig. 6. The position errors of proposed navigation system.
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Velocity error

k>

w ol
€ ol e
b -
B L.“ Tightly
g _4|_ 1 1 L 1 1 L T LOOSEIY
100 200 300 400 500 E00 TO00 8O0 900 !000
— 20}
@ “
‘5 0 .'J"\‘J;\I_‘f w"\-;\ﬁ‘*'—h»f R — 2 ETE Rl S SN
& MY W
& 201! ‘
100 200 300 400 500 600 700 £00 200 1000
— 1
£ .
E o5
c 1 a A
g 0 -.‘ﬂ"; "'1_,“_{ W""’W‘"f"""-,---"-"—‘-"v-"-\,M“"'\mn:-"-’xuﬂ"_,'
3]
0 45 | | . . . . . . |
100 200 00 400 500 E00 o0 BO0 900 1000
time[sec]
Fig. 7. The velocity errors of proposed navigation system.
She S 22 BT S Uk AT FAS HE PHolH Y oAo] et P
o] At 9w HaAsHES BT A9 Akt A glo] L 03 S| I
317] wjo] Azl wkE HShE Folx|A| gkt
oleigr FuE uhEoR ofAT WA Zo| AS PN £ AN AT YL
T AIAES 2713 GAOA AR E= Aol e o® WHEY, o|fof= A WA
o Y AT SRS Jl0] $8 0% WS, 9 4T WAl oFET
ge] wwof o f%ol 1749 A9l 5 91A19] 3] /KsSihe 48 7L
ULt Table 4= F W419] Bt AlF 44 A= stSith

Table 4. Root mean square errors according to coupled methods

Tightly—coupled

Loosely—coupled

1.8495e-3 0.0185

Attitude (deg) 3.7954e-4 0.0031
9.2055e-4 0.0077

Position (deg) 2.9402e-4 0.0012
2.0972e-3 0.0203
Altitude (m) 5.7835 5.9802
0.1812 0.3516
Velocity (m/s) 1.2345 6.8257
0.1022 0.1075
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A Case Study of the Implementation of Deployment Switch for
Nanosatellites
Min Ki Kim"

Korea Aerospace Research Institute, Daejeon 34133, Korea
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2 HREOTE SRR SA0| THO0| 27HELC 0|1 ot Leftkd2 FHALIRIE B2 EAGI U

Lt HR2S Le?go] THAAREE 2489

0 =
FEE g9ots W] 29X 28 =
X~

S

HE THED 22 24| LIF0| M7 AQXIE HFEL UCH, 0IF FE= 7AN 725 & o
M ARIXIE REGICE 0|28t A= 7|4 SHEE 0|10 FEAQ 2Xete] Oy 22 ZXZE &
ot 52 BEG| Oj@ths HHE0| UL EZ0iME 0]9] iote= M7 |AQIXIE 24| HRZ0| H2lStH
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Abstract

Most Nanosatellites are launched in nanosatellite deployers. Nanosatellites in the deployer are turned off
during launch, and they start boot sequence after deploying at their mission orbit. For this reason,
nanosatellites must have deployment switch. Most of the nanosatellite deployment switch has two part,
first is electric switch to boot the satellite system and second is mechanical assembly to push the switch.
In most cases, electric switches are installed in the satellite main body, and the switch operations are
translated via the mechanical assembly. These implementations are mechanically complicated and hard to
guarantee the appropriate operation without the problems due to friction between pusher and satellite
structure. This paper proposes the another implementation method of deployment switch for nano-

satellites by installing the electric switch outside the main body without any kind of mechanical parts.

Sigo] 1 LA, s, B, WAt

Keywords : deployment switch, nanosatellite, booting, deployer

1. M2

FEHo R T EdlE= Y d(Nanosatellite)> 1-10 kg Ato]9] A2 Zeo] 9j4o0 =
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JoJ=h. 1998W0] ARZE thstiw oA 10 x 10 x 10 cm 2719 A Y= 9id[1]e] AL
H o= 2,000ti217F d& Hieldo] AT 54 Y9 de = 10 x 10
x 10 cm F0E 99 sk= ASHA F/dololA FELY(Cubesa) 22 E87|% 51,
1 3719 wt FA7IA] 1-3U13], 6Ul417F B0 de] ARSEH, 7k Ao uheh &)
27UBI7HA] AlAs7 | & Jict,

ST F AT Ao A= 6UF AF=Y4 HiIREV(High Resolution Image and Video
Nanosatellite)[6], +57]& A58 KARDSAT(KARI Rendezvous/Docking Demonstration
Satellite) Y3[71= 7Hdet vf lom, S HEAT+HY 3508 73 WSS T 471
9] 6UF Y=Y SNIPE(Scale magNetospheric and Ionospheric Plasma Experiment)[S]
£ 7 gEsto] 20239 Aol ARE 7]HE AL it

SNIPE= 47] 9149 "HoH|gS 3l 958 At 2 A7 AFg9] 32t Hals 3=
g qle, olF fIsf AFEAARE AouA] UAF FE7](solid state telescope), A
(magnetometer), FH°] B&(Langmuir probe) 50| HAE} SNIPEY] 4 IF717H 6
7ol Ei g2 1d o2 JRAEITHIL

o] i 9d WA deployer)ell EE] 0] WAL= AR o5 A= T &
AR ARSE QIS SFFkol FUE T AR SHE YeddS AR AR
A7 Aol TrE AHE AR ofSEo] A AFHE AAH MY AHsshy 1
UFE AR 91449 R9E "dohs 7] 290471 qlo, ol= Al ofsf A1
BEE FHE 0] AR A% 75| siAlET 9/449] o] A7tEL: #1449 HES 'dst
= A9XE AMNAYA(deployment switch)2hal gt 1-2U89] YAl 5F Ak
SR 2 AR Al SE= WAISH] Sl ARE dojuie gEE stk E84
o] glom, FAlo ZA] WRe] A7 A5 St 5t7] wizol oAM= AT
& B A QA (separation switch)Btile F27]|%= S},

BFAR1 W ANARIA = 9148 24 Uil 7] A94A71 f1X]5tH, ol A5t
= Eo FE47F 24 Rl EE5 o] AR o APE= vHEE 7] AA| ] A
ot YA ARSI FE4E ST I 2y E ] 94S HAR o Aol o
S A7) 2900 e, A& Al §Ee BUEoE FEAE W] AYXER
| Ak o]= sl 9442 F8 Eajol EUsHA Er

SNIPE= 42101 AL Fa 2] 7] AXE ol Azlste] 2 WAk
HES B Ad AZE A7iok= HHE10KE AHsetlom, E2oA s WHEo] sy

18] sk} bt

o
ot o

aul
L

=)

9 HE

LI W w—

ANEAA 7 FAole 2A 7 7R 27 5 Aok A WAE 7] 2938 24
Uil F2ketal §-da A3k 548 B3 d=HS 7IAd R Atk A o=A,
e Qg EHES 2R tivke] ool H8oks BH4ojtt. F HiRls 2 =F
oM AASRe Aoz 7] A9RE EA ol kEsto] TARde] A HEshe 4
o] Ut T WAL Wi ZRpe] Aol Q1AL ofof tisy 7|5ty gk
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2.1 HHAYIE| Lig &

24| W7ol A7 AR0X|eL ol F AEShe FEAlE Aol Ao 7549 Ao o
o} ThIRE WAo] Qitt o] WAl AA| Ui ld #Y ST AX|she AT HE 91K

o] AA|ok= A0 AFEACE e 4= Qlth

FEAY HEoME He A VN ol AAMAA7E Slefok st (requirement
3.3.2 at [3]) 1-2U Y49 AL EAZH(separation spring)= Y ZHHH 43 = 23 0]
Aol AA(requirement 3.2.7 at R)E AL PAISHL Utt g0} 1-3U EE F2L2 A&
YA E G o) AR AL FAISH ¥ 6U(requirement 3.3.2 at [4])y= 18]St AlgH
< gl
HEATY O] = AT HEE o] YA F 949 dEtt RS 8l AR Al AE

F71ste] S& 9 S Aol Zlolth 8y EeAndgo] £33 Adslto] Al

‘J B SAo] £ 4= qlou = ol2gt EEAny] 7R & AMALA T
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(b)
Fig. 1. Deployment switches of 3U(a) & 6U(b) of ISISpace.

(@)
Fig. 2. Deployment switches of 3U(a) & 6U(b) of Gomspace.

(a) (b)
Fig. 3. Deployment Switches of 1U of Pumpkin Space.
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Fig. 4. External Figure of SNIPE [9]. SNIPE, Scale magNetospheric and lonospheric Plasma

Experiment.
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Table 1. Subsystem and Units in SNIPE [14]

Subsystem Units Description
CDHS OBC
EPS EPS board
Battery

Solar panel
AOCS RWA

MTQR

ST

ASS

GPS receiver

GPS antenna
COMS UHF transceiver
UHF antenna

S-band transceiver

S-band antenna

STS Structure

PS Thruster For formation flying

Payload SST Solid state telescope
MAG Magnetic field measurement
LP Langmuir probe
Iridium For communication backup
GRBM Gamma ray burst monitor

SNIPE, Scale magNetospheric and lonospheric Plasma Experiment; CDHS, Command and
Data Handling Subsystem; EPS, Electric Power System; AOCS, Attitude and Orbit Control
Subsystem; COMS, Communication Subsystem; STS, Structure and Thermal Subsystem;
PS, Propulsion Subsystem; OBC, On Board Computer; RWA, Reaction Wheel Assembly;
MTQR, Magnetorquer; ST, Star Tracker; ASS, Analogue Sun Sensor.

2 14 & E9 d414.16,171°] AT 9271 Qleh. AAE Fig. 52+ 2ol AARISEE
(engineering qualification model)@ AJ3 A] o|2jet EA|7| LAYSH Zlo] Q1o o]9] 3jZ
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93 v g F I EROE O] oA eiFA|He] A7t E A% Fig. 63" T
AREE] g 3o A AEo] E7FE o= Qe ol E Alstr] fIsiAl Fig. 73 Zo] Bl
Ao A== ek vi= 4Qlsto] AR E71 f1de A o Sl Fig. 69 &
< ol Al A Zo] WARKS] g 2o ofsf Bjx|me] Te]A =il e 94do]
AREE O E ARE TPgolA] TAR} ANE BRI SEE s B Ao &4 of
712 7Fs7do] oIt Fig. 79 & WA Fig. 69 WA} Blwd of AR UiE Eo
e 7Fs/dE W0l & B9t ofyzh AR Al BRI A S FAaske 4 QU
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Fig. 5. Failure of the HRM String (right) and Unexpected Deployment of the Solar Panel (left) [9].

Fig. 6. Stuck of nanosatellite in a deployer (upper) and solar cell damage by deployer

thresholds (lower).

Fig. 7. Prevention of stuck of nanosatellite (upper) and mitigation of solar cell damage by

deployer (lower).
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Fig. 8. Deployment switch of SNIPE. SNIPE, Scale magNetospheric and lonospheric Plasma

Experiment.
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Fig. 11. Previous version (left, [22]) and final version(right, [23]) of SNIPE Deployment switch.

SNIPE, Scale magNetospheric and lonospheric Plasma Experiment.
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Table 2. Summary of deployment switch implementations

Types Advantage Disadvantage Applicable
In the main body - Applicable all cubesat - Mechanical uncertainty All Cubesat
(at the end of - Safe treatment of electric - Friction
rail Surface) switch - Cold welding
- Higher design complexity
In the main body - Safe treatment of - Switch implementation 23U
(not end of the rail) electric switch dependent to the deployer
Out of main body - Simple design - Switch implementation >3U
- No mechanical dependent to the deployer
uncertainty - Need to avoid

compressible surface
- Careful treatment for

electric switch
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Abstract

The mass spectrometer, being an essential scientific instrument for uncovering the origin of the solar
system and life, has been used since the early 1970s on board spacecraft to obtain information of neutral

and ionized elements in the atmosphere and surface of the moon, planets, asteroids, and comets.
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According to the 4th Basic Plan for the Promotion of Space Development (2023-2027), Korea plans to
conduct lunar landing in 2032 and Mars landing in 2045 as the core goals of the plan and focuses on
developing the technologies required for unmanned robotic exploration missions. In this regard, it is crucial
to develop the technology of a mass spectrometer, which is the most fundamental payload for space
exploration for maximized scientific achievements, however never tried before in any domestic space
missions. We describe in this paper the principle of a domestically developed quadrupole mass
spectrometer, its prototype model, and the test results of its performance. We conclude this paper with

intended future improvements.
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Fig. 1. Major milestones in the evolutionary history of mass spectrometry, applied for planetary

exploration (Adapted from Arevalo et al. 2019 [7]).
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Fig. 2. Components of a mass spectrometer.
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Fig. 3. Quadrupole elements: (left) side view, (right) cross—sectional view.
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of RF-DC (ay/qy = 2/7). RF-DC, radio frequency—direct current.
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Name
re
0
rsrc
rcase

Lquad

omega

Vac
Udc
A
vx0
fd
tp
t.-t
rin

Expression

r0*1.148

4[mm)

0.4[mm])

3.5%e

130[mm]

0.2

0.7

2[MHz]

2*pitf

50[amu]

q*mi*omega” 2*r0*2/(4*e_const)
a*mi*omega*2*r0~2/(8*e_const)
S[V]

sqrt(2*e_const*A/mi)

1[mm]

Lquad/vx0

1/f

tp/rft

Value
0.004592 m
0.004 m
4E-4m
0.016072 m
013 m

0.2

0.7

2E6 Hz
1.2566E7 Hz

8.3027E-26...

22913V
32733V
SV

4392.8 m/s
0001 m
2.9594E-5 s
SE-7 s
59.187

Description

Rod radius

Inscribed radius
Source radius

Case radius
Quadrupole length
Mathieu coefficient
Mathieu coefficient
Frequency

Angular frequency
lon mass

AC voltage

DC voltage
Accelerating voltage
Initial x velocity
Fringe field depth
time of ion flight
time of one RF cycle
number of rf phase chan...

[ : fixed parameter

Fig. 5. Simulatio

—_
=+}
—

n parameters.

[ : variable parameter

20

- — Stability diagram for 19 amu scan
2 15 — Subility diagram for 32 amuscan ~ Unstable zone " Unstable zotie
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E w0 -~ Scan line (DC/RF=0.167) e g

=

- 3 . .
v 3 Stable oscillating
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£ 32 u scan spectrum

-
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Mass (u)
Fig. 6. Mathieu stability and mass spectra analysis of a quadrupole mass analyzer. (a) Mathieu
stability diagram calculated based on the quadrupole and RF-DC power supply developed in
Young-In Ace. (b) The experimental results of the corresponding mass spectra. RF-DC, radio

frequency—direct current.
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3. AtS=A 2 247| Hd 22| M

Mathieu P2 37g 4]0l oJstd $4 & F99] Zdld =2 54l FEHE 7HIAT o
& W2 F73E ne ek AA 5t ol2o] TS IR JAHES shd 249 o
ellA 7hs-9] HelE f13f grie] #HE 95Fo= 7PIE 4= Ut Mathieu 7l ®7g4
o] FgE ol RkgZ ARt A=A Al A Hiflet Ellse aLefste] Jhds] o

Upc =VVrr +6 )

Upc = 1.212mf%r¢ (m:amu, f: MHz,7,: cm) (3)
Vip = 7.219mf21¢ (m:amu, f: MHz,1,: cm) )
E;ion(eV) < %fZLZAm (f:MHz, L: cm, Am: amu) (5)

71A Ejon-> 01 AL AR 518 H 9, 1o rod aperture BHAIE, y+= DCe} RF2
H, f(= Q/2n)= RF 3¢, 9 L2 rod?] Zojo|t}. §+= AA] 7<= DC power supply
9] offseto] AEs] 00] ofd ¢ EAY5l7] I3t offset MIAEA parametero|th. 4] 3) ¥
()= LA A (1)ollA 71&3t Mathieu equation of charged particle motion®] EA5k=
Mathieu normalization parameters a, @} q, = ZF 0.237 18|31 0.706°2.2 17(stability
diagram®] g @ EHS, ol2FoE FI9 &ols AR)oA AS=AE 15d
ol 2% DC ¥ RFE F2 AMEE= @92 #I%RE 4ot} a, = 0.2372} g, = 0.706+=
@=AHmonopole) ¥ = Hdipole)’} = 7 oA Q] ARs=AF ZElE oA of
AAR}F ANt siFE= gholth. dRtd o s= gt A=At = 71, £H
TAEA 59 JAAS 13519] circular = planar-type rods FE|Z tARQIELE whek
A HAR1 Bl whet stability tip®] a, 2} g, #°l VARl Tk 254 gEiAH A
Al AlEdeld 2 AdE & wofl= wEE AHUE S Y BARG0] S

AA] AZOA rp= 0.4 em=E FFE=T, o= RE-DC power supply?] &8 A9 47+
FoE 133 golth &, 3) 2 @) Ao 2 RF 22442 Fui4=9] Aol vl=Hs)
A ARARE 1 2] AlFolle BlFstERE A&t 7Rs3t AlFe] RE &9 ASto] disf & 24
Sto] =2 AR RIS Z= olREE S40] 7FsSHeE St & 4] (5)&= FHTE &0l
1 dolE 4A 55 =2 HolsZ 2 et Aol dis) & 2ol d &4 ke A
TofiErt. 37HAR1 Aok =2 Qlsf| HolE Folof 3thA FulrE 7S EHN Eolls=
A 2T 5= AUtk o] AF, = RF AYo] AAok sp7] "o o]Z& £017] Hsix=
ARS=AEY] 4 (aperture)E EULCEA E8 RFAYS ARMAREF ALt = 24T 4= 9l
t}. Table 12 7,, f, Am 9 LE 30| UERd B} Zho] AT o], YAR== oH ]2 3
& %912 DC ¥ RF AY9] 27|& HojErh

A=A S E017] HoiA= ol2io] A=A dERe] SYoE 22 vy} 1
A7 o7 S50l E Aofgjjof git}. Fig. 72 o] §e] HkAlE =715 0.5 mm, 1.0 mm,
1.5 mm, 2.0 mm=E $75I9E o 2+ 53kt S BARE Aafolot. AgRA719] A+
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Table 1. Design parameters

Rod Z0|(cm) 8 8 8 8 8
Rod inscribed radius(cm) 0.4 0.4 0.4 0.4 0.4
Zlzk 25is(AM)(@mu) 1 1 1 1 1
RF FIt2=(MHz) 1 1 1 1 1
Mass(amu) 100 150 200 250 300
DC peak (V) 19.39 29.09 38.78 48.48 58.18
RF peak Hf(V) 115.50 173.26 231.01 288.76 346.51
UAEE K] 518 HYA(eV) 1.60 1.60 1.60 1.60 1.60
RF, radio frequency; DC, direct current.
> 1'0‘ (a) g ;:: —2: mm (b)
H oo S o8 :1;53:
g 0.8t § 0Tk —— 2.0 mm
[=] { =
g 07 a 06
5 o6l S os
? o5l E 04}
- b 03}
E 04 E b
E 0.3} ; 01}

0.2 . - .
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24
Beam radius (mm)

0.0 ek
01 02 03 04 05 06 07 08 09 1.0

w

Fig. 7. Transmission probability according to the changes of ion beam radius [10].

b
@ 1,00 (b)
/ \ S 095)
| | ——— ]
L ¥-1
A - g_ 0.90 |
7= v e .
~R6~ & o | - —0.3mm
| 'ﬂ‘ L e ——- '9 0.85 ——0.4 mm
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Fig. 8. Transmission probability according to the changes in the ion beam cone angle [10].
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0°0f|A] 45°7FA] RASIAIA I 2] HARS SI3Ith o] 4] HARS] ZA¥tE H]9] §EA|Fo] 7
ALE 119 cone angleo] 25°& Hol7HH &Ao] I3 A WA= AS & & 9o,
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Fig. 10. Quadrupole RF-DC power supply board. RF-DC, radio frequency—direct current.
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RF-DC power supply= &3
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Fig. 11. Linearity analysis of detector monitor voltage, RF peak voltage, and control voltage.
(a) Detector monitor voltage plotted against the RF peak voltage. (b) RF peak voltage plotted

against the control voltage. RF, radio frequency.
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