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Abstract 

 Planetary atmospheres and plasmas are excited by resonant scattering and 

electron impacts that emit light in a wide spectral range. Many of these emission lines 

are in the ultraviolet (UV) wavelength range. However, UV light is absorbed by the 

Earth’s atmosphere; therefore, in order to measure their intensities, observations using 

satellites and spacecraft are essential. Unfortunately, conventional large exploration 

missions can take a long time to achieve. In order to solve this problem, ultra-small 

exploration missions have been planned. Compared to larger missions, ultra-small 

missions can be performed with shorter development times and lower costs. Such 

missions can increase exploration opportunities. Therefore, the various development 

and operational results can be fed back to efficiently inform future plans. However, 

small and highly efficient scientific instruments are required for these missions in 

association with spacecraft size and weight reductions. In this thesis, the development 

of highly efficient instruments for ultra-small missions is described. 

 The development of a telescope for detecting extreme ultraviolet (EUV) light 

named PHOENIX (Plasmaspheric Helium ion Observation by Enhanced New Imager in 

eXtreme ultraviolet) onboard the EQUilibriUm Lunar-Earth point 6U Spacecraft 

(EQUULEUS), which is scheduled to be launched into the Moon fly-by orbit in 2019, is 

described in Chapter 2. The optical design, especially the entrance mirror, which 

determines the light collection ability, was optimized for ultra-small observation 

missions. 

 A new multilayer coating that has a high reflectivity at 30.4 nm has been 

developed. The newly developed Mg/SiC multilayer coating designed for normal 

incident light had a higher reflectivity (37%) at 30.4 nm than the Mo/Si coating 

conventionally used in planetary and space missions. The temporal stability of the 

Mg/SiC multilayer coating was also evaluated. The coating was found to be stable under 

vacuum, dry N2 purge, and normal atmosphere. Based on these results, the Mg/SiC 

multilayer coated mirror was selected as the PHOENIX flight mirror. PHOENIX can 

sufficiently attain the mission scientific objectives by acquiring an entire image of the 
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helium ions in the plasmasphere with a temporal resolution of < 1 hour. 

 In Chapter 3, the development of absorption cells for ultra-small missions is 

described. Atomic hydrogens in the planetary exosphere resonantly scatter solar 

Lyman-alpha emissions at 121.567 nm and form the planetary corona. Imaging the 

hydrogen corona allows the study of the density distribution of the atomic hydrogen. 

The absorption cell technique is a powerful tool for imaging the planetary hydrogen 

corona because the spatial density distribution and temperature can be obtained. These 

parameters provide insights used to estimate the present amount of planetary water 

dissipation. In an earlier attempt to apply the absorption cell technique, an UVS-P 

photometer was developed and installed in the Japanese Mars Orbiter NOZOMI 

launched in 1998. In this mission, however, because of the limited development time, 

the parameters that determine the absorption performance were insufficiently optimized. 

The absorption performance critically depends on filament shape (i.e., length and 

diameter), power applied to the filament, and the gas pressure in the cell. These 

parameters determine the thermal dissociation efficiency at the filament surface. The 

present study, therefore, focused mainly on the physical thermal dissociation process at 

the tungsten filament surface and the construction of new hydrogen absorption cells. To 

increase the power density and the dissociation rate, the new cells have several 

filaments that are thinner and/or shorter than those used in previous studies. The cells 

also have inlet ports that enable the H2 gas pressure in the cells to be varied from the 

outside the cell. The optical thickness dependence and the Full Width at Half Maximum 

(FWHM) were used as performance indices for the new cell parameters and have been 

evaluated using the DESIRS (Dichroïsme Et Spectroscopie par Interaction avec 

le Rayonnement Synchrotron) beamline at the Synchrotron SOLEIL in France. The 

optical thickness with thinner filaments (diameter of 24.4 µm), gas pressure of 100-300 

Pa, and filament power of 1-3 W were found to be about 4 times higher than those with 

the UVS-P photometer. In addition, determining the Doppler temperature of the Martian 

hydrogen coronas has been realized with an accuracy of approximately 30 K. 
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Chapter 1. General Introduction 

1.1. Imaging Observations for Planetary UV 

radiation 

 Optical observations of planetary atmospheres in a wide spectral range have 

been conducted. Ultraviolet (UV) light is particularly useful for planetary science to 

obtain various information about planetary upper atmospheres. However, It is difficult 

to effectively detect UV light by ground-based observations due to absorption by the 

terrestrial atmosphere. Thus, the launch of cumbersome instruments into outer space has 

been required. 

 Imaging observations of UV light have enabled scientists to study the temporal 

evolution and spatial structure of planetary upper atmospheres. In 1972, Apollo-16 was 

launched and succeeded in imaging the first two-dimensional geocoronal hydrogen 

Lyman-alpha (wavelength: 121.6 nm) spectra from the Moon using an ultraviolet 

camera [Carruthers et al., 1976]. Figure 1.1 shows the intensity distribution of the 

hydrogen corona imaged by Apollo-16. The camera field-of-view was ~10 Re (Re – 

Earth radius). One can clearly see Earth surrounded by the hydrogen corona. During the 

mission, the Schmidt camera in UV light (as shown in Figure 1.2) was used, and KBr 

was deposited as a photoelectric surface on a focal plane. The incident photons were 

converted to electrons, and the electrons were accelerated at a high voltage of 25 kV and 

detected by a film. Using this technique, the camera achieved sensitivity 20 times higher 

than cameras without the KBr coating [Carruthers, 1973]. 
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Figure 1.1. Two-dimensional image of Earth’s hydrogen corona observed by Apollo-16 

from the Moon. The target wavelength for this mission was 105-160 nm. The black 

circle located near the center of the image shows Earth, which is surrounded by the 

hydrogen corona. The camera field-of-view was ~10 Re [Carruthers et al., 1976]. 
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Figure 1.2. Simplified cross-sectional diagram of the Schmidt camera installed for the 

Apollo-16 mission [Carruthers, 1973]. 

 

 Extreme UltraViolet imager (EUV) spectroscopic observations of the 

atmospheres of Mercury and Venus that were carried out by Mariner-10 in 1977 

quantified the abundances of the atmospheric components. Mariner-10 had a primitive 

detector installed in order to only obtain the densities of components around the targets 

[Broadfoot et al., 1977]. The EUV monochromator installed in Mariner-10 did not have 

an entrance mirror, but had sixteen collimators. The design is shown in Figure 1.3. A 

number of photomultipliers were installed at the focal points of each spectral line and 

simply acted as photon counting devices. The incident light with wavelengths in a wide 

spectral range was diffracted by a grating. 

 



4 

 

 

Figure 1.3. Design of the EUV monochromator installed in Mariner-10 [Broadfoot et al., 

1977]. 

 

 After the Mariner-10 mission, remote observations of planetary UV radiations 

have been widely used as a method to quantify the abundances of atmospheres and 

plasmas. In 1998, an EUV scanner onboard the NOZOMI spacecraft [Nakamura et al., 

2000] conducted the first imaging observation of the Earth’s plasmasphere by detecting 

the resonantly scattered light from He ions (He II: 30.4 nm) [Yoshikawa et al., 2000a, 

2000b, 2001]. Figure 1.4 shows a two-dimensional image observed by the scanner. 

Wavelength selections were performed by metallic thin filters that are transparent to 

light of specific wavelength ranges. A multilayer coated mirror was used to efficiently 

collect the EUV light (shown in Figure 1.5). 
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Figure 1.4. Two-dimensional image of the plasmasphere observed by NOZOMI. The 

L = 4 and 5 dipole magnetic field lines are also shown [Yoshikawa et al., 2000]. 
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Figure 1.5. Schematic cross-sectional diagram of the EUV scanner onboard NOZOMI. 

The optical layout consists of a multilayer coated mirror that has a high reflectivity for 

30.4 nm light, metallic thin filters for wavelength selection, and microchannel plates as 

the two-dimensional photon counting devices. 

 

 Further sequential imaging observations were made by the EUV imager on the 

Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) satellite. The imager 

provided complete sequential pictures [Burch et al., 2001a, 2001b; Sandel et al., 2000, 

2001]. It observed the distribution of He ions in the plasmasphere with temporal and 

spatial resolutions of 10 min., and 0.1 Re, respectively, from the apogee (~8 Re), and 

found the various plasmasphere structures [Sandel et al., 2001, 2003] shown in Figure 

1.6. 
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Figure 1.6. Two-dimensional image observed by IMAGE/EUV on May 24, 2000, 

during a magnetic disturbance. Several structures are clearly seen in this figure (e.g., 

shoulder, plume, and channel) [Sandel et al., 2003]. 

 

 A cutaway image of the EUV sensor onboard the IMAGE satellite [Sandel et 

al., 2000] is shown in Figure 1.7. Optics similar to the EUV scanner onboard NOZOMI 

were used for the IMAGE/EUV. The optics was designed as a type of a normal 

incidence telescope, consisting of a multilayer coated mirror, a metallic thin filter, and 

microchannel plates. 
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Figure 1.7. Cutaway drawing of the EUV sensor onboard the IMAGE satellite [Sandel 

et al., 2000]. 

 

 The first EUV imaging observation of a plasmasphere meridian perspective 

was conducted by the TEX onboard KAGUYA in 2008 [Murakami et al., 2010]. The 

instrument found a new striking feature of enhanced brightness in the plasmasphere, 

which is called as plasmaspheric filament, during a prolonged quiet period [Murakami 

et al., 2013] (as shown in Figure 1.8). It was suggested that the phenomenon is caused 

by an isolated magnetic flux tube filled with denser plasma than its neighbors. TEX 

found 4 events relative to the phenomenon, and the occurrence rate was estimated to be 

about 1 event / 8 days. In addition, all the events were observed during extremely quiet 

periods and no correlations between their occurrences and local times were identified. 
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Figure 1.8. Image of plasmaspheric filaments obtained by KAGUYA/TEX. Two 

filament structures can be identified. The black lines represent the magnetic field lines 

assuming dipole magnetic field lines. The red dashed lines are traced to emphasize the 

loop structure.  

 

 The multilayer coating technique has been used conventionally to increase the 

reflectivity of mirrors in previous space missions, such as NOZOMI, IMAGE, and 

KAGUYA. All of them used multilayer coatings that have combinations of Mo and Si 

[e.g., Yoshikawa et al., 2010]. In the ISS-IMAP (Ionosphere, Mesosphere, upper 

Atmosphere, and Plasmasphere mapping) mission [Hozumi et al., 2017], which started 

in 2012, a Y2O3/Al multilayer coated mirror that has a higher reflectivity at 30.4 nm 

with a lower reflectivity at 58.4 nm than the Mo/Si mirror was developed for the 

Extreme Ultra Violet Imager (EUVI) in order to prevent light that is resonantly 

scattered by helium atoms (He I: 58.4 nm) and can possibly act as a contamination 

source from entering the detector [Murakami et al., 2011]. As described above, in recent 

EUV imaging missions, the majority of instrument development efforts have been 

devoted to producing mirrors with high reflectivities for EUV light. 
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1.2. Ultra-Small Mission 

 Recently, governmental space agencies, private companies, and universities 

have been planning to conduct nano-satellite (1–10 kg) and micro-satellite (~50 kg) 

missions for deep space explorations. 

 As the first step in these attempts, the first 50-kg class micro-spacecraft, 

PROCYON (PRoximate Object Close flYby with Optical Navigation), jointly 

developed by the Japan Aerospace Exploration Agency (JAXA) and the University of 

Tokyo, was launched into space with HAYABUSA-2 in December 2014 [Funase et al., 

2015]. During its one-year flight in deep space, PROCYON succeeded in its primary 

objective as an engineering technology demonstration. 

 PROCYON also carried a scientific instrument named LAICA (Lyman Alpha 

Imaging CAmera), which aimed to image the geocoronal hydrogen Lyman-alpha 

emission spectra from deep space. In January 2015, the first image of Earth’s entire 

hydrogen corona was obtained by LAICA, when the distance between PROCYON and 

Earth was 2,348 Re (shown in Figure 1.9) [Kameda et al., 2017]. Right ascension and 

declination directions of PROCYON from Earth were 74.09, and -23.94 degrees, 

respectively. The spatial resolution was 1.34 Re / pix in the horizontal direction, and 

0.98 Re / pix in the vertical direction. The total exposure time was 300 s. The image 

revealed that the hydrogen corona extends to about 40 Re in the anti-solar direction. 
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Figure 1.9. (a) First image of Earth’s entire hydrogen corona. The image was acquired 

by subtracting the interplanetary background emission. The sun was on the left side of 

the image. Earth is located in the white circle near the center of the image and has a size 

of about 2 pixels. The geocoronal hydrogen corona can be clearly seen extending to ~40 

Re in the direction of the night side of Earth. (b) Direction of the rotation axis and sunlit 

part of Earth during the observation. The red dot represents the location of the ecliptic 

south pole. 

 

 In addition to the observations of Earth, wide-field imaging observations of the 

hydrogen Lyman-alpha emissions from comet 67P/Churyumov-Gerasimenko were 

performed in September 2015 by LAICA and the water production rates of the comet 

were derived from the images [Shinnaka et al., 2017]. The obtained values were 

comparable to those of the in-situ measurements by the Rosetta instruments and the 

ground and space-based observations. 

 These successes demonstrate the capabilities of ultra-small spacecraft for 

performing deep space missions and that they can be useful and strong tools for deep 

space exploration. 
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1.3. Organization of This Thesis 

 The purpose of this study is to develop techniques for ultra-small UV 

instruments. This thesis consists of 4 chapters. Chapter 2 presents the development of a 

helium ion imager, named PHOENIX, onboard the ultra-small deep space explorer, 

EQUULEUS. The optimization of the optics, especially the multilayer coated mirror, is 

detailed. Chapter 3 details the performance evaluation and development of new 

hydrogen absorption cells. The availability of the cell techniques for future ultra-small 

deep space explorations is also mentioned. Concluding remarks are given in Chapter 4. 

These applications are expected to lead to increase opportunities for future explorations 

with ultra-small spacecraft. 
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Chapter 2. Development of the EUV Imager 

onboard EQUULEUS/PHOENIX 

2.1. Introduction 

 In the Earth’s upper atmosphere, charged particles, which are predominantly 

electrons and ions with energies below several electron volts, form a region of cold 

dense plasma trapped along geomagnetic field lines. This region is called the 

plasmasphere and extends regularly to ~4 Re (Re refers to the Earth’s radius) from the 

Earth’s center. The plasmaspheric He ions resonantly scatter solar radiation and emit 

EUV light at 30.4 nm. Since He ion is the second-most abundant component (~10%) of 

the plasmasphere, the emissions at a wavelength of 30.4 nm can be devoted to imaging 

the global plasmasphere. The acquired images are intensively used for studies on the 

dynamics and global structure of the plasmasphere [Nakamura et al., 2000]. The 

plasmapause is a sharp outer boundary of the plasmasphere. The density of ions 

decreases by a factor of 100 or more across this boundary. The plasmapause does not 

locate at a fixed distance. It moves inwards during increased magnetic disturbances 

[Carpenter, 1963, 1966; Taylor et al., 1965]. Binsack [1967] modeled the plasmapause 

location and explained it with the equation 𝐿𝑝𝑝 = 6 − 0.6 𝐾𝑝 , where 𝐿𝑝𝑝  is the 

plasmapause location (unit: L value) and 𝐾𝑝 is the geomagnetic activity index. 

 The NASA’s Space Launch System (SLS) is a large rocket for carrying humans 

beyond the Earth’s orbit. Furthermore, future manned space exploration of asteroids and 

Mars is being studied. The first flight of the SLS is scheduled to launch into the Moon 

fly-by orbit in 2019. Thirteen 6U-size secondary payloads ( 302010  cm
3
; 14 kg) will 

be onboard the SLS. EQUilibriUm Lunar-Earth point 6U Spacecraft (EQUULEUS), 

which is a nano-spacecraft designed and developed by the JAXA (Japan Aerospace 

Exploration Agency) and the University of Tokyo, is selected as one of the secondary 

payloads. EQUULEUS aims to reach a libration orbit around the Earth-Moon Lagrange 

point L2 (EML2) and demonstrates engineering technologies. 
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 This mission also carries several scientific instruments. The first instrument, 

Plasmaspheric Helium ion Observation by Enhanced New Imager in eXtreme 

ultraviolet (PHOENIX), will conduct extreme ultraviolet (EUV) imaging of the Earth’s 

plasmasphere throughout the mission phases. The second instrument, Cis-Lunar Object 

detector within THermal insulation (CLOTH), was installed in the multi-layer insulation 

of the spacecraft. It will detect and evaluate the meteoroid impact flux in the cis-lunar 

region. This mission aims to understand the size and spatial distributions of solid 

surface in the cis-lunar region. The third instrument, DEtection camera for Lunar impact 

PHenomena IN 6U Spacecraft (DELPHINUS), will observe the back side of the Moon 

for impact flashes. This observation will characterize the flux of meteorites. The results 

of this mission will contribute towards the evaluation of risks associated with future 

human activity and/or infrastructure on the lunar surface. 

 In this chapter, the development of the EUV telescope, PHOENIX, and its 

calibrated performance are described. PHOENIX will observe the distribution of plasma 

that surrounds Earth by detecting emissions of He II (30.4 nm). By flying away from 

Earth, PHOENIX can obtain an entire image of the plasmasphere. The image from the 

equatorial plane helps scientists understand plasma dynamics along magnetic field lines. 

Plasma behavior is related to solar activity and is the key to understanding of the 

physics and evolution of the Earth’s space environment. 

 

2.2. Scientific Objectives of PHOENIX 

 PHOENIX will provide information on the global distribution of plasma 

around Earth by detecting emissions scattered by He ions (He II) at 30.4 nm. In the 

following subsections, the scientific objectives of PHOENIX are described. The 

observation target is the plasmasphere.  

When a solar wind disturbance arrives at Earth, the magnetospheric convection 

electric field becomes stronger. Then, the outer layer of the plasmasphere is stripped 

away and the plasmasphere shrinks under the influence of BE  drift [Grebowsky, 

1970, 1971; Chen and Wolf, 1972]. This phenomenon is known as erosion. The sharp 
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outer boundary of the plasmasphere, the plasmapause, starts to move subsequently. 

After the plasmapause evolves, the magnetospheric convection electric field becomes 

weaker and the ionosphere supplies plasma to the plasmasphere. This process is known 

as plasmaspheric refilling and lasts for several hours or days. 

 

2.2.1. Global Plasmaspheric Image 

 The plasmasphere extends to ~4 Re from the center of Earth, and it is observed 

within a field of view by approximately  4 degrees when viewed from the Moon. 

Nakamura et al. [2000] reported that the intensity of He II (30.4 nm) emission from the 

main body of the plasmasphere is ~5 Rayleigh. This value is consistent with those (1-10 

Rayleigh) measured by using sounding rockets [Ogawa and Tohmatsu, 1971] and 

reported by numerical simulations [Roelof et al., 1992]. The intensity of emissions 

scattered by He ions near the plasmapause was reported to be in the range of 0.1-0.5 

Rayleigh based on measurements by the NOZOMI satellite [Yoshikawa et al., 2000a]. 

Therefore, I consider this value as the lower threshold level to capture the global 

structure of the plasmasphere.  

 

2.2.2. Plasmaspheric Erosion 

 Plasmaspheric erosion occurs when geomagnetic activity increases. Then, the 

plasmapause, which is defined as the sharp outer boundary of the plasmasphere, 

changes its outer shape. The mean speed of its inward motion is 0.2-0.3 Re/h. This 

phenomenon is important for quantifying the material removed from the plasmasphere 

during disturbance periods. Spasojevíc and Sandel [2010] calculated the global loss of 

plasmaspheric ions from the data recorded by the EUV instrument onboard the IMAGE 

satellite. The EUV instrument measured the fraction of He ions in the plasmasphere, 

which is a tracer of the total plasmaspheric ion content. It was found ~0.6 × 1030 to 

2.2 × 1030 He ions were removed from the plasmaspheric region between L = 1.5 to 

5.5 Re during a moderate disturbance period. These losses accounted for 20-42% of the 
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initial plasmaspheric He ion content. 

 The plasmasphere was observed from a meridian perspective with the EUV 

imager onboard KAGUYA during a geomagnetic disturbance period on May 1-2, 2008. 

This clearly revealed that the plasmapause location in the midnight sector is consistent 

with that predicted by dynamic simulations based on the interchange mechanism. 

Furthermore, night side column density of He ion decreased by ~30% at low latitudes (< 

20 degrees) following convection enhancement. This decrease in column density was 

consistent with the formation of the plasmapause by the quasi-interchange instability 

mechanism. However, since there are few observations to prove the existence of the 

quasi-interchange instability mechanism, further investigation is required. 

 A geomagnetic storm, which is a major geomagnetic disturbance phenomenon, 

occurs when the interplanetary magnetic field turns southward. The main phase of this 

phenomenon, which is associated with an increase in geomagnetic activity, lasts for 

several hours. Then, the geomagnetic activity decreases gradually over several hours or 

days, which is known as the recovery phase. Therefore, the temporal resolution of 

PHOENIX should be at least 1 hour for investigations of plasmaspheric erosion. 

 

2.2.3. Plasmaspheric Refilling 

 During the recovery phase of geomagnetic storms, the plasmasphere is refilled 

by ionospheric plasma over several hours or even days. This process can last for several 

days and modifies electron and mass densities along magnetic field lines. Therefore, the 

plasmasphere becomes denser and larger. 

 There are unresolved issues associated with the plasmasphere refilling process. 

Scientific studies on plasmaspheric refilling have been carried out since the 1960s and 

early 1970s. Observational studies [Park, 1970; Chappell et al., 1971] and theoretical 

and/or modeling studies [Banks et al., 1971; Grebowsky, 1971; Schulz and Koons, 1972; 

Chen and Wolf, 1972] have addressed various refilling issues.  

 Related observations by ATS 6 [Horwitz, 1980; Comfort and Horwitz, 1981], 

GEO 1 [Farrugia et al., 1989] and 2 [Higel and Wu, 1984; Sojka and Wrenn, 1985], 
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ISEE 1 [Nagai et al., 1985; Carpenter and Anderson, 1992], and SCATHA [Olsen et al., 

1987], provided interesting information about the characteristics of cold and warm 

plasma in the outer plasmasphere and plasma trough. 

 Refilling investigations have increased since the mid-1980s. 

Theoretical/modeling studies using thermal plasma measurements from the Dynamics 

Explorer mission [Horwitz et al., 1984, 1986, 1990a, 1990b; Décréau et al., 1986; 

Gallagher et al., 1988] provided new and intriguing results. 

 By using IMAGE data, Sandel [2011] found that the ratio of He ion density to 

electron density in the plasmasphere was nearly constant with a typical 𝐿 value of 

~0.09. This ratio was more variable during the early stages of the refilling process than 

during the later stages. This suggests that difference in ion species causes variation in 

refilling rates from the ionosphere. 

 KAGUYA observed the plasmasphere intermittently for only about 26 days in 

2008 [Murakami, private communication]. Since continuous and long-term observations 

could not be conducted during the KAGUYA mission, the long-term structural variation 

of the plasmasphere in response to geomagnetic disturbances and plasmaspheric 

refilling during the recovery phase could not be observed. 

 Observational and theoretical and/or modeling studies have been carried. One 

of the earliest theoretical studies was conducted by Banks et al. [1971]. They used a 

single-stream hydrodynamic model. This study is still widely cited since it indicates the 

basic characteristics of refilling. Rasmussen and Schunk [1988] adopted a two-stream 

model for plasmaspheric refilling. A kinetic approach to the study of refilling was 

reviewed and expanded by Khazanov et al. [2012]. 

 One of the unresolved issues of refilling is that there are scarce observational 

results to support the models that are based on the initial conditions in an empty 

magnetic flux tube, such as plasma density, flow velocity, and temperature [Singh and 

Horwitz, 1992]. PHOENIX can continuously observe the plasmasphere. An observation 

period of at least 1 year will reveal the long-term behavior of the plasmasphere from the 

meridian perspective. PHOENIX takes advantage of this superiority to observe the 

plasmaspheric refilling process during geomagnetic disturbance periods. Latitudinal 
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distributions of He ions during refilling periods can be obtained from PHOENIX 

observations. These results will determine the initial conditions of the models.  

 PHOENIX will start observations in 2019. Since solar activity varies on an 

11-year cycle, I assumed that the solar activity in 2019 will be comparable to that in 

2008. Assuming that a geomagnetic disturbance with difference in geomagnetic activity 

(Dst index) of 40 nT or more is a geomagnetic storm, 23 geomagnetic storms occurred 

in 2008. Therefore, PHOENIX is expected to observe the plasmaspheric refilling 

process more than 20 times. Assuming that geomagnetic storms occur twice a month on 

average, a continuous observation period of 15 days will be required to capture the full 

scope of the plasmaspheric variation induced by a geomagnetic disturbance. KAGUYA 

could perform continuous observations for an average period of 4.3 days only. However, 

PHOENIX can observe the plasmasphere continuously for more than 15 days. 

 

2.2.4. Plasmaspheric Filament 

 Recently, the IMAGE mission identified several novel plasmaspheric structures. 

(for instance, a depleted region called notch, a sharp azimuthal gradient in He ion 

density called shoulder, and a radial structure of enhanced brightness called finger). The 

finger structure was observed during a geomagnetically quiet period and has been 

interpreted as an isolated flux tube that is filled to higher density than neighboring tubes 

[Sandel et al., 2001]. Such flux tubes viewed from above the Earth’s north pole were 

projected onto the magnetic equator plane and observed to have a finger-like appearance. 

The first EUV imaging observation of the plasmasphere from the meridian perspective 

was recorded by the TEX onboard KAGUYA in 2008 [Murakami et al., 2010]. By the 

TEX instrument, plasmaspheric filament structures were observed during prolonged 

quiet periods [Murakami et al., 2013]. Murakami et al. [2013] suggested that these 

structures are equivalent to the finger structures observed by IMAGE/EUV. They found 

only four events of plasmaspheric filament and the physical process involved in the 

formation of this plasmaspheric filament has still not been understood. Murakami et al. 

[2013] investigated the spatial structure of the plasmaspheric filament viewed from the 
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Moon. They found that spatial width of this filament was ~0.3 Re. Thus, a spatial 

resolution of at least 0.3 Re or less is required to examine this structure. The black lines 

in Figure 1.8 represent magnetic field lines, assuming dipole magnetic field lines. 

Murakami et al. [2013] suggested that the loop structures are caused by isolated 

magnetic flux tubes that are filled with higher plasma densities than their neighbors. The 

red dashed lines emphasize the loop structures in this study. However, it is difficult to 

interpret these lines as they are along the magnetic field lines. For further verification 

and comprehension, it is necessary to obtain statistically significant data of the 

plasmaspheric filament, which is a key to understanding of the 

plasmasphere-ionosphere coupling effect, especially the physical process of 

plasmasphere refilling. 

   

 The key to obtaining such data is to develop a highly efficient EUV optical 

system. In particular, the technique of developing multilayer coated mirrors, which have 

high reflectivities in the EUV range, is important [Yoshikawa et al., 1997]. The 

capabilities of instruments equipped with multilayer coated mirrors have been already 

demonstrated by the NOZOMI [Yoshikawa et al., 2001] and KAGUYA [Yoshikawa et 

al., 2008] missions. In this study, I focused on the technique of multilayer coating and 

developed a new mirror by using a Mg/SiC material combination. This mirror has a 

higher reflectivity for He II (30.4 nm) emission than previously developed mirrors. This 

multilayer coated mirror of Mg/SiC was installed as the flight mirror in the optical 

system of PHOENIX. 

 

2.3. Instrumental Overview 

 PHOENIX is a type of normal incidence telescope and comprised of a 

multilayer coated mirror, a metallic thin filter, a microchannel plate (MCP) detector, and 

electronic components. Figures 2.1 and 2.2 show the schematic diagrams of this 

instrument and its main features are summarized in Table 2.1. The light from the target 

is focused by a spherical mirror, whose sensitivity is optimized at a wavelength of 30.4 
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nm, and passes through a filter, which eliminates undesired light (i.e., geocoronal and 

interplanetary emissions). After the light passes through the filter, a two-dimensional 

photon counting detector converts the light into electrical signals. The design of the 

telescope is similar to those of KAGUYA/TEX [Yoshikawa et al., 2008, 2010; 

Murakami et al., 2010] and ISS-IMAP/EUVI [Hozumi et al., 2017]. The detailed design 

and ground calibration results of each component are described below. 

 

 

Figure 2.1. Schematic diagram of PHOENIX. Its main components are a multilayer 

coated mirror, a metallic thin filter, a detector, and electronics components. To prevent 

sunlight from entering the filter and detector, a mechanical shutter was installed in front 

of the metallic thin filter. 
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Figure 2.2. Cross-sectional diagram of the optical layout of PHOENIX. The diameter 

and focal length of the mirror are 53 mm and 70 mm respectively. The field of view 

(FOV) of PHOENIX is 11.9 degrees. 

 

Table 2.1. Specifications of PHOENIX 

Target Wavelength 30.4 nm (He II) 

Angular Resolution ~0.15 deg. (~0.15 Re from the Moon’s orbit) 

Temporal Resolution < 1 h 

Field of View 9.119.11  deg.
2
 

Data Format 256256 bin
2
 

Mass 532.5 g 

Size 999966  mm
3
 

Open Aperture 11.66 cm
2
 

 

2.4. Multilayer Coated Mirror 

 The entrance mirror is one of the most important factors that determine the 

performance of an EUV optical system. The efficiency of this mirror depends on its 

effective area and reflectivity. However, it is quite difficult to equip with a light entrance 
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because the allowable envelope of PHOENIX is small ( 999966  mm
3
). Therefore, to 

ensure successful scientific observations during missions by ultra-small spacecraft, the 

efficiency of the entrance mirror should be improved. 

 The technique of periodic multilayer coatings has been developed in recent 

years for normal incidence optics in the soft X-ray and EUV spectral regions. A 

multilayer coated mirror is an optical element, in which two kinds of materials that have 

different complex refractive indices are overlaid periodically and alternately on the 

surface of a mirror. The reflectivity of such a mirror can be dramatically improved by 

the interference of reflected light at each interface. The response of the coating can be 

adjusted by adjusting the multilayer period d  (i.e., thickness of the layer) according to 

the Bragg’s law  cos2dn , where   is the incident angle of light and n  is the 

Bragg order. In order to control the spectral response of the coating, the number of 

periods N  and thickness ratio of each constituent material   can also be adjusted. 

 In space and planetary sciences, this technique for EUV radiation has been 

used for a number of missions. High reflectivity multilayer coatings for He II radiation 

at a wavelength of 30.4 nm have been developed for some of these applications [Sandel 

et al., 2000; Yoshikawa et al., 2008]. The Mo/Si multilayer coated mirror has been 

widely used because of its high stability [Yamashita et al., 1992; Kunieda et al., 1996; 

Yoshikawa et al., 1997; Yoshikawa et al., 2001; Sandel et al., 2001]. The reflectivity of 

the Mo/Si multilayer coated mirror installed on the TEX onboard KAGUYA was 18.8% 

at a wavelength of 30.4 nm [Yoshikawa et al., 2008]. After this mission, a Y2O3/Al 

multilayer coated mirror was installed in ISS-IMAP/EUVI in order to achieve high 

reflectivity and avoid contamination from geocorona. The reflectivity of this mirror was 

23% at 30.4 nm [Murakami et al., 2011]. The planetary science community should 

develop multilayer coatings with higher reflectivities for optical system applications. 

 In this study, a multilayer coated mirror with higher reflectivity for He II 

radiation (30.4 nm) than previously developed mirrors was used in order to minimize 

deterioration of the efficiency of an instrument due to its miniaturization. Sample 

mirrors with three types of Mg/SiC multilayer coatings were fabricated and evaluated. 

The performances of each sample mirror under different parameters are reported in this 
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chapter. The secular stabilities of the reflectivities of the mirrors in different storage 

environments are also shown. 

 

2.4.1. Designs and Calculations 

 In order to decide a combination of materials applied to a multilayer coated 

mirror to be installed in PHOENIX, reflectivities of various multilayer coatings were 

calculated by using conventional method with characteristic matrix. In the 

circumterrestrial space, there are not only He II (30.4 nm) radiation but also He I (58.4 

nm), O II (83.4 nm), and H I (121.6 nm) radiations. These radiations possibly 

contaminate acquired images of the PHOENIX mission. In this work, I selected 

materials whose optical constants are available for the wavelengths of 30.4, 58.4, 83.4, 

and 121.6 nm and evaluated reflectivities of each combination for the 30.4 nm light. 

Table 2.2 and 2.3 show materials and their optical constants (refractive index n  and 

extinction coefficient k ) used in this study. Generally, in order to increase reflectivity, 

it is important that complex refractive indices ikn  at the target wavelength of two 

materials are separated from each other and each k  is small [e.g., Hotta et al., 2002]. 

If  of two materials are small, a reflectivity tends to increase with increase in N . In 

other words, the combination of the two materials with small  suppresses attenuation 

of reflected light from deep interfaces and increases efficiency of interference. 

Considering the above two conditions, I summarized the materials that are expected to 

improve in the reflectivity into Table 2.2 (materials with relatively large n  values at 

30.4 nm) and Table 2.3 (materials with relatively small n  values). However, the 

combination of the optimum materials cannot be determined without calculation. 

Therefore, I calculated the reflectivities of all the combinations between 7 materials in 

Table 2.2 and 6 materials in Table 2.3. In this calculation, I considered the layer 

thickness d , the number of periods of the laminated layer N , and the thickness ratio of 

two materials   as parameters that determine the reflectivity of the multilayer coating. 

The optimum values were searched three-dimensionally with the ranges and grid sizes 

of the parameters described in Table 2.4. The detail of the calculation of the reflectivity 

k

k
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is written in Appendix A. 

 

Table 2.2. Optical constants at 30.4 nm of various materials with large n value 

Material n (at 30.4nm) k (at 30.4nm) 

Li 0.99 0.0017 

Cs 0.96 0.0058 

Mg 0.98 0.0083 

Al 0.94 0.0079 

Sn 1.06 0.11 

ZnS 0.94 0.052 

KCl 0.94 0.019 

 

Table 2.3. Optical constants at 30.4 nm of various materials with small n value 

Material n (at 30.4nm) k (at 30.4nm) 

Ca 0.85 0.16 

C 0.81 0.084 

Fe 0.85 0.101 

Co 0.82 0.15 

Os 0.77 0.11 

SiC 0.85 0.045 

 

Table 2.4. Parameters used for calculations. 

Parameter Range Grid Size 

Layer Thickness, d 15.0-17.0 0.1 

Number of Periods, N 10-100 10 

Thickness Ratio,   0.1-0.9 0.1 

 

 The reflectivities at 30.4 nm for the incident angle of 4 degrees, which is 

determined by the location of the outer boundary of the plasmasphere, plasmapause, 
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viewed from PHOENIX located near the Moon, were calculated for all the 

combinations as described above and are summarized in Table 2.5. The parameter sets 

having the highest reflectivities for the wavelength of 30.4 nm for each combination 

were selected as optimum values. In Table 2.5, 𝑅30.4 , 𝑅58.4 , 𝑅83.4 , and 𝑅121.6 

represent the reflectivities at the wavelengths of 30.4 nm, 58.4 nm, 83.4 nm, and 121.6 

nm, respectively. Figure 2.3 shows the calculated reflectivities of various multilayer 

coatings which have high reflectivities over 40% at 30.4 nm for the normal incidence of 

4 degrees. The multilayer coatings using Li perform higher reflectivities than any other 

combinations in my calculation and subsequent candidates are the combinations of 

Cs/Os and Mg/Os. However, it is difficult to handle Li, Cs, and Os. I excluded the 

combinations with Li, because Li has a property to ignite spontaneously when mixed 

with a large amount of water. Cs has a low melting point (~300 K) and is in a liquid 

state around the room temperature. Therefore, I also removed the combinations with Cs 

from the candidates. Os should be excluded because it has a property of easily 

producing poisonous osmium oxide when it is left in the air or heating. 

 As cited above, I have concluded that Mg/SiC is the best combination for the 

flight mirror because it achieves the high reflectivity of 43% at the wavelength of 30.4 

nm for the normal incidence of 4 degrees 

.
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Table 2.5. Reflectivities of combinations of various materials 

Materials 

Number of 

Periods 

(𝑁) 

Layer 

Thickness 

(𝑑) [nm] 

Thickness 

Ratio

 (𝑆𝑖𝐶 𝑑⁄ , Γ) 

𝑅30.4 
𝑅30.4

𝑅58.4
 

𝑅30.4

𝑅83.4
 

𝑅30.4

𝑅121.6
 

Li/Ca 100 15.4 0.2 0.499 298.61 149.46 16.59 

Li/C 100 15.5 0.2 0.614 39.54 15.80 70.77 

Li/Fe 100 15.4 0.2 0.529 85.79 33.44 11.41 

Li/Co 90 15.4 0.2 0.526 76.28 24.77 7.96 

Li/Os 100 15.5 0.2 0.626 19.59 36.68 15.10 

Li/SiC 100 15.5 0.2 0.643 52.13 9.96 3.17 

Cs/Ca 100 15.9 0.2 0.315 179.18 27.67 173.33 

Cs/C 90 16.1 0.3 0.423 7.87 4.10 9.86 

Cs/Fe 100 16.0 0.3 0.317 12.56 5.79 6.50 

Cs/Co 90 16.0 0.2 0.345 25.84 7.83 8.72 

Cs/Os 80 16.2 0.3 0.447 4.86 6.97 8.41 

Cs/SiC 100 16.1 0.3 0.432 9.82 3.54 1.79 

Mg/Ca 70 15.7 0.3 0.299 94.52 29.27 0.81 

Mg/C 80 15.9 0.3 0.418 9.44 4.68 48.95 

Mg/Fe 80 15.8 0.3 0.316 19.15 7.33 2.31 

Mg/Co 70 15.8 0.3 0.331 19.24 6.03 2.09 

Mg/Os 70 15.9 0.3 0.439 5.52 10.43 4.04 

Mg/SiC 80 16.0 0.4 0.433 6.92 1.72 1.15 

Al/Ca 70 16.4 0.3 0.254 156.69 3.72 0.31 

Al/C 90 16.5 0.3 0.348 6.70 3.17 10.28 

Al/Fe 90 16.4 0.3 0.249 17.91 3.04 0.82 

Al/Co 80 16.4 0.3 0.282 24.67 3.29 0.99 

Al/Os 60 16.6 0.3 0.383 4.65 7.26 1.56 

Al/SiC 90 16.6 0.4 0.329 3.76 0.97 0.79 
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Table 2.5. Reflectivities of combinations of various materials (continued) 

Materials 

Number of 

Periods 

(𝑁) 

Layer 

Thickness 

(𝑑) [nm] 

Thickness 

Ratio

 (𝑆𝑖𝐶 𝑑⁄ , Γ) 

𝑅30.4 
𝑅30.4

𝑅58.4
 

𝑅30.4

𝑅83.4
 

𝑅30.4

𝑅121.6
 

Sn/Ca 20 15.1 0.4 0.100 10.86 5.70 0.20 

Sn/C 20 15.8 0.5 0.172 1.62 1.03 3.84 

Sn/Fe 20 15.4 0.5 0.112 2.51 1.24 0.43 

Sn/Co 20 15.2 0.4 0.119 3.66 1.29 0.40 

Sn/Os 10 15.0 0.1 0.037 3.58 0.67 0.08 

Sn/SiC 20 15.8 0.5 0.185 2.08 0.57 0.41 

ZnS/Ca 30 16.8 0.4 0.084 17.32 1.29 0.29 

ZnS/C 40 16.9 0.4 0.125 1.07 0.68 1.69 

ZnS/Fe 40 16.7 0.4 0.07 1.47 0.54 0.29 

ZnS/Co 30 16.9 0.4 0.101 2.27 0.70 0.38 

ZnS/Os 20 16.9 0.4 0.159 1.00 1.37 0.72 

ZnS/SiC 40 16.9 0.5 0.108 0.67 0.30 0.24 

KCl/Ca 50 16.5 0.3 0.163 7.16 6.75 3.94 

KCl/C 10 15.0 0.1 0.008 0.07 0.15 0.18 

KCl/Fe 60 16.6 0.4 0.148 1.49 1.62 1.19 

KCl/Co 60 16.6 0.3 0.185 2.25 2.11 1.42 

KCl/Os 50 16.9 0.4 0.268 1.29 2.79 2.11 

KCl/SiC 80 16.7 0.4 0.207 0.90 0.86 0.61 
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Figure 2.3. Calculated Reflectivities (> 40%) of the various multilayer coatings for the 

normal incidence of 4 degrees. The parameters, , , and , were optimized for 

normal incidence light at the wavelength of 30.4 nm. The variable parameters of each 

combination were optimized values. Reflectivities of the conventional Mo/Si mirror are 

also shown. 

 

 Figure 2.4 shows the relationship between the calculated reflectivity at 30.4 nm 

and the number of periods N  with  of 16.0. It is obvious that the reflectivity is 

saturated at more than 30 layers. Since reflected light from deep interfaces decreases in 

amplitude with increase in N , the peak reflectivity tends to be saturated. From this 

result, I concluded that the number of periods of 30 is sufficient for the Mg/SiC 
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multilayer coated mirror. 

 

 

Figure 2.4. Relationship between the calculated reflectivity at 30.4 nm and the number 

of periods N . The reflectivity is saturated at more than 30 periods. 

 

 Figure 2.5 shows the calculated reflectivity of Mg/SiC coatings at 30.4 nm with 

various  values. The reflectivity peaks with  of 15.8-16.0 and  of 0.3-0.4. 

Considering the results in Figure 2.4 and 2.5, I concluded that the parameters, such as 

 of 15.8-16.0,  of 0.3-0.4, and N  of 30, are required for the Mg/SiC mirror 

which has a high reflectivity at the wavelength of 30.4 nm. 
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Figure 2.5. Relationship between the calculated reflectivity at 30.4 nm and the layer 

thickness  with different . The reflectivity appears to be the highest with  of 

15.8-16.0 and  of 0.3-0.4. 

 

2.4.2. Previous Studies of Mg/SiC multilayer 

coatings 

 Takenaka et al. [2005] fabricated Mg/SiC multilayer coatings with peaks of 

reflectivities at the wavelength of 30 nm by magnetron sputtering for use in EUV 

photoelectron microscopy and reported that they have high reflectivities over 40% for 

near normal incidence. 

 Yoshikawa et al. [2005] also designed multilayer coatings of pairs of Mg/SiC 

and evaluated their reflectivities. As a result, it was reported that the coatings have high 

reflectivities for the wavelength of 30.4 nm. 

 Soufli et al. [2005] investigated temporal changes of reflectivities of Mg/SiC 

multilayer coatings for the wavelength of 30.4 nm. The reflectivities decreased by ~4% 

by the atmospheric exposure of 5 months. 

 Ejima et al. [2005] made reflection measurements in the 25-35 nm region for 
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Mg/SiC and Mg/Y2O3 multilayer coatings. They were kept in a low humidity 

atmosphere (< 50%) for 4 or 5 years. As for these reflectivities, no significant change 

compared to ones measured immediately after deposition was confirmed. It was thought 

that the storage environment prevented the top Mg layer from the reaction with an 

atmosphere. 

 Zuccon et al. [2006] investigated the performances of Mg/SiC multilayer 

coatings with or without Si cap layers on the top surface of the Mg/SiC coatings. 

Although the reflectivities for 30.4 nm light of multilayers without any Si cap layer 

were lower than the calculated values, those with the Si cap layers achieved high 

reflectivities close to the calculated values. 

 The performance of an Mg/SiC multilayer coating and the aging in reflectivity 

under atmosphere and vacuum were reported by Toyota et al. [2007]. As a result, the 

aging appeared under atmosphere, but the reduction in reflectivity could be suppressed 

under vacuum. They suggested that the difference between the calculation and the result 

of the measurement indicates the elements of the multilayer coating become opaque 

under atmosphere after the deposition. 

 Two types of multilayer coatings of Mg/SiC and B4C/Mo/Si were deposited 

and evaluated their reflectivities by Zhu et al. [2008]. These coatings achieved high 

reflectivities of 38% and 32.5% at the wavelength of 30.4 nm, respectively. In addition, 

it was reported that fitted results of measured reflectivity of the Mg/SiC multilayer 

coating indicate a large amount of interface roughness. 

 Zhu et al. [2010] deposited multilayer coatings of Mg/SiC, Mg/Co, Mg/B4C, 

and Mg/Si and measured reflectivities of them for 30.4 nm light. Mg/Co and Mg/SiC 

multilayer coatings achieved high reflectivities of 40.3% and 44.6%, respectively, while 

those of Mg/Si and Mg/B4C coatings were too low (5.6% and 0.2%, respectively) for 

application. 

 Pelizzo et al. [2012] used Mg/SiC multilayer coatings to mirrors for rocket 

observation. In addition, they prepared several types of multilayer coatings and 

investigated long-term stabilities of them over 4 years. As a result, significant surface 

modifications were observed in the coatings. It is suggested that the expansion due to 
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reaction of Mg with an atmosphere causes the modifications. They measured 

reflectivities of the aged coatings and compared them to ones measured immediately 

after deposition. Although the reflectivities for 121.6 nm and visible light were affected 

by deterioration, some coatings did not change reflectivities for EUV. All the multilayer 

coatings with an Si top layer were degraded, while there were no changes in those with 

an SiC top layer deposited over the last SiC layer. It is also suggested that the thickness 

of each Mg layer affects the deterioration of Mg/SiC multilayer coatings. 

 Soufli et al. [2012] and Fernández-Perea et al. [2012] suggested that an Al-Mg 

layer which is deposited on top of an Mg/SiC multilayer coating provides efficient 

corrosion protection. The demonstration of Mg/SiC multilayer coatings with corrosion 

resistance is great interest in the development of mirrors for space missions. 

 As cited above, the application of multilayer coatings of pairs of Mg and SiC 

having a high reflectivity for the wavelength of 30.4 nm to EUV optics was reported by 

previous researchers. However, the stability of Mg/SiC multilayer coating has been 

investigated insufficiently and there is no consensus on it. Therefore, further detailed 

examinations have been needed to mount in the spacecraft. In this work, in order to 

overcome this issue, the stabilities of Mg/SiC coatings were investigated in detail 

through four storage environments. 

 

2.4.3. Reflectivity Measurement of Sample 

Mirrors 

 I have found that the calculation using optical constants of Mg and SiC shows 

the high reflectivity of 43 % at the wavelength of 30.4 nm as shown in Figure 2.3. 

Therefore, in this study, I fabricated sample mirrors of 3 types of Mg/SiC multilayer 

coatings (No.1-3) and evaluated the performances of them. The designs of the samples 

are listed in Table 2.6. The sample coatings, which were periodic 30 pairs of Mg and 

SiC on flat planes with various , and , were deposited by an ion-beam sputtering 

system. The parameters of the samples were aimed for normal incidence reflection. 

d 
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There are 4 flat sample plates for each sample. All the sample coatings were 

manufactured by the NTT Advanced Technology Corporation. 

 

Table 2.6. Designs of sample Mg/SiC multilayer coatings 

Sample Number 
Number of Periods 

(N) 

Multilayer Period 

(d) [nm] 

Thickness Ratio 

( : SiC/d) 

No. 1 30 15.85 0.3 

No. 2 30 15.90 0.4 

No. 3
a
 30 15.86 0.4 

a
Surface SiC is twice as thick as other samples. 

  

 Figure 2.6 shows the setup of reflectivity measurements of the sample mirrors. 

The system consists of a windowless RF excited flow lamp filled with various source 

gases and connected to a JOVIN YVON LHT30 30-cm scanning monochromator. The 

monochromator provides radiation of spectral lines particularly in light source gas. In a 

vacuum chamber, the mirrors were located on an XYZ translation stage with a rotation 

stage with single axis aligned perpendicularly to an incident beam. The incident and 

reflected beams were alternately detected by a photon detector consisting of 5-stack 

microchannel plate (MCP) and a resistive anode encoder (RAE). The reflectivity was 

evaluated by comparing the intensities of each beam and can be measured for the 

incident angle of more than only 4 degrees due to configuration constraint in the 

facility.  

 





37 

 

 

Figure 2.6. Setup of the measurement configuration. A discharge lamp is used as an 

EUV light source and the target line is selected by a monochromator. The 

monochromatic light is collimated by a pinhole at the entrance of the vacuum chamber. 

An assembly of a 5-stack microchannel plate (MCP) and a resistive anode encoder 

(RAE) is used as a detector. 

 

 I measured the reflectivities of the samples at the wavelength of 30.4 nm as a 

function of an incident angle from the normal incidence. Figure 2.7 shows the results of 

the experiments. The theoretical calculations of the reflectivities are also shown. At the 

incident angle of 4 degrees, the reflectivities of sample No. 1, No. 2, and No. 3 were 

37%, 25%, and 10%, respectively. These results show that the multilayer coating 

consisting of 30 pairs of Mg/SiC with a layer thickness of 15.85 nm and thickness ratio 

of 0.3 achieved the highest reflectivity at 30.4 nm among all the samples and the 

reflectivity was two times higher than the conventional coating such as Mo/Si (18.8%). 

The performance evaluation of the flight mirror for normal incident light is described in 

detail in the subsection 2.4.5. 
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Figure 2.7. Averaged reflectivities at 30.4 nm of Mg/SiC multilayer coated mirrors 

(No.1-3). The calculated reflectivities are also shown. 

 

 Instead of measurements of reflectivities for nearly normal incident light of 

sample No. 1, I confirmed indirectly the accuracy of manufacturing of mirrors by 

comparing measured values of the reflectivities and the fitted curve to them. The best 

parameters of the least-squares fitting are  of 15.66,  of 0.32, and N  of 30. It is 

confirmed that the sample mirror was manufactured within 1.5% of tolerance (nominal 

value of the manufacturer). The result is shown in Figure 2.8. 

 The calculated values were reflectivity curves when ignoring (1) roughness of a 

surface and interfaces, (2) diffusion of substances at interfaces that occurs after 

deposition, and (3) measurement errors of thickness of each layer. The difference of 

about 1.5% between the calculated value and the measured values of sample No. 1 in 

Figure 2.8 appears probably due to disregard for the above effects. The error due to 

individual differences of multilayer coatings has not been evaluated in this study. The 

reduction in reflectivity of multilayers composed of a combination of Mg and SiC due 

to the diffusion of substances and the roughness of interfaces was suggested in previous 

studies [e.g., Zhu et al., 2008]. The dependence of states of interfaces on thickness of 
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Mg layers was also reported [e.g., Pelizzo et al., 2012]. Although I recognized that 

improvement of reflectivity by closing  and  to the target values through 

feed-back of results of evaluations to the manufacturer should be done, no 

implementation was carried out in this study. The degree of decrease in reflectivity 

depends on the deviation of  from the target value as shown in Figure 2.5. Actually, 

the reflectivity with larger  than the target value decreases more moderately than that 

with smaller . From this result, it can be said that layer thickness should be set 

thicker than the target value when designing Mg/SiC multilayer coatings so that the 

expected value becomes large and the dispersion becomes small with consideration for 

the accuracy of 1.5%. 

 

 

Figure 2.8. Confirmation of the accuracy of manufacturing of mirrors. Red dots show 

the reflectivities of the sample No.1 and the dashed line shows the calculated 

reflectivities. The best fitted curve to the measured points with parameters of  of 

15.66,  of 0.32, and N  of 30 is shown in the black line. 
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2.4.4. Stability Evaluation of the Mg/SiC 

Multilayer Coated Mirror 

 The sample mirrors with the Mg/SiC multilayer coatings achieved the high 

reflectivity at the wavelength of 30.4 nm. However, Mg is known to be highly reactive. 

In nature, Mg is usually found in the form of a carbonate, an oxide, or a silicate, often in 

combination with calcium. The issue of long-term stability of Mg based multilayer 

coating has been remained [e.g., Soufli et al., 2005]. 

 In this work, I have evaluated stabilities of the reflectivities of the Mg/SiC 

multilayer coated mirrors of sample No.1 with an incident angle of 10 degrees through 4 

storage environment. The storage environments are shown in Table 2.7. The samples 

were under vacuum (< 10
-4

 Pa) in every measurements. 

 Figure 2.9 shows the results of the experiments about long-term stabilities of 

the Mg/SiC multilayer coated mirrors. The results show that no dramatic degradation in 

the reflectivities of each Mg/SiC multilayer coated mirror is found. This result suggests 

that surface layers of SiC prevent inner Mg layers from the reaction with materials in 

the air. 

 

Table 2.7. Four storage environments for the evaluation of the stabilities 

Plate No. Storage Environments 

(i) Under Vacuum 

(ii) N2 Purge 

(iii) Under Atmosphere with Silica Gel (in Clean Bench) 

(iv) Under Atmosphere (in Clean Bench) 
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Figure 2.9. Stabilities of the Mg/SiC multilayer coated mirrors. The wavelength of 30.4 

nm and the incident angle of 10 degrees were selected at the measurements. 

 

2.4.5. Mg/SiC Multilayer Coated Mirror installed 

in PHOENIX 

 The experimental results as described in Section 2.4.3 and 2.4.4 suggested that 

the Mg/SiC multilayer coating is suitable and can be applied to the optics of PHOENIX 

onboard EQUULEUS. Therefore, the flight mirror for PHOENIX was fabricated with 

the combination of Mg/SiC. 

 Figure 2.10 shows a photograph of the flight mirror for PHOENIX and 

specifications of the mirror are summarized in Table 2.8. The substrate of the mirror 

was made of CLEARCERAM-Z and thickness of the center of it is 7 mm. The effective 

diameter and focal length of the Mg/SiC mirror are 53 mm and 70 mm, respectively. In 

order to reduce aberration, the surface of the mirror is a spherical shape. The parameters 

of the multilayer are the same as those of the sample No.1 as described above. The 

reflectivities of the flight mirror of PHOENIX are shown in Figure 2.11 and optimized 
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for the He II emission (30.4 nm). 

 

 

Figure 2.10. Photograph of the flight mirror for PHOENIX. The mirror whose surface is 

a spherical shape in order to reduce a spherical aberration has the focal length of 70 mm 

and the effective diameter of 53 mm. The surface is coated by 30 pairs of Mg/SiC 

multilayer.  
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Table 2.8. Specifications of the flight mirror of PHOENIX 

Substrate 

Material CLEARCERAM-Z 

Diameter  55 mm 

Curvature R140 mm 

Thickness 7 mm (at the center of the substrate) 

 

Multilayer 

Combination of Materials Mg/SiC 

Number of Periods, N 30 

Multilayer Period, d [nm] 15.85 

Thickness Ratio,   (SiC/d) 0.3 

 

 

Figure 2.11. Measured reflectivities of the flight mirror installed in PHOENIX. The 
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calculated reflectivities are also shown. The red dots show the reflectivities for the light 

incident on a position of 25 mm away from the center of the mirror. The measured 

values agree well with the calculated values. 

 

 Figure 2.11 shows reflectivities when light with a spot diameter of 1mm or less 

entered at a position 25 mm from the center of the flight mirror. The incident angle to 

the mirror was about 10 degrees. Calculated values at the incident angle of 10 degrees 

are also plotted in Figure 2.11. The measured values and calculated values are in good 

agreement. Therefore, I assumed that the multilayer coating was deposited with high 

accuracy, and calculated the reflectivities for 30.4 nm of the whole region of the mirror 

with two different incident angles. Figure 2.12 shows the result of the incident angle 

distribution on the mirror surface for incident angles of 0 degrees and 6 degrees to 

PHOENIX. The reflectivity distributions converted from the incident angle distributions 

are shown in Figure 2.13. I used a reflectivity curve obtained by fitting to measured 

reflectivities of the sample mirror (Figure 2.8) when determining the distributions. The 

total reflectivity of the whole mirror surface is about 30% with an incident angle of 0 

degrees to PHOENIX, while that with 6 degrees is about 25%. 

 

 

Figure 2.12. Distributions of incident angles to the mirror. The left (right) panel shows 

the distribution for an incident angle of 0 deg. (6 deg.) to PHOENIX. 
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Figure 2.13. Reflectivity distributions on the mirror surface. The left (right) panel shows 

the distribution for an incident angle of 0 deg. (6 deg.) to PHOENIX. 

 

2.5. Metallic Thin Filter 

 A metallic thin filter for selection of incoming light is placed at 4.66 mm off 

from a detector plane. Materials used in the filter need to be chosen to efficiently pass 

through 30.4 nm, while low sensitivities to other lights which are the possible 

contamination sources (i.e., geocoronal He I 58.4 nm, O II 83.4 nm, H I 121.6 nm and 

emissions from the interplanetary medium) are desirable. The transmittance of the filter 

can be calculated from complex refractive index in the same way as reflectivity of the 

multilayer coated mirror. A combination of Al and C is conventionally used in the 

previous plasma imagers [Nakamura et al., 1999, 2000; Yoshikawa et al., 2008, 2010; 

Murakami et al., 2010].  

 

2.5.1. Design of the Metallic Thin Filter 

 The flight filter made of a combination of Al and C is equipped with 

PHOENIX. In order to prevent oxidization of an Al material, carbon coatings of 15 nm 

are on both sides of an Al film whose thickness is 165.2 nm. Figure 2.14 shows a 
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photograph of the flight filter for PHOENIX. The specifications of the filter are shown 

in Table 2.9. This filter can attenuate emissions whose wavelengths are longer than 40 

nm. The flight filter was manufactured by LUXEL Corporation. 

  

 

Figure 2.14. Flight filter for PHOENIX. Carbon materials are coated on both sides of an 

Al film. The thickness of the C/Al/C filter is 15nm/165.2nm/15nm. The filter is 

supported by a stainless steel mesh having a wire. 

 

Table 2.9. Specifications of the flight filter for PHOENIX 

Materials C/Al/C 

Effective Area 20.5 mm 

Thicknesses nmnmnm 15/2.165/15  
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2.5.2. Transmittance Measurement 

 Figure 2.15 shows the results from measurement of the transmittance of the 

flight filter and calculation. The C/Al/C filter has transmittances of 20.1% at 30.4 nm, 

2.6% at 58.4 nm and 0.2% at 73.4 nm, and the transmittance above 83.4 nm is less than 

the MCP noise level of ~0.7 cps/cm
2
. The elimination of contamination from longer 

wavelengths is achieved well enough. 

 

 

Figure 2.15. Transmittances of the flight filter for PHOENIX at the incident angle of 0 

degrees. The transmittances at 83.4 nm and 121.6 nm are less than the noise level (~0.7 

cps/cm
2
) of the MCP detector. The calculated transmittance is also shown. 
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2.6. Microchannel Plate and Resistive Anode 

Encoder 

 For the PHOENIX detector, microchannel plates (MCPs) and a resistive anode 

encoder (RAE) which are conventional techniques for EUV imaging are used. In order 

to achieve cost reduction, I actively adopted the MCPs of a catalog item. 

 

2.6.1. Designs of the Microchannel Plate and 

Resistive Anode Encoder 

 A 3-stack MCP detector is placed at the focus of the Mg/SiC multilayer coated 

mirror. The specifications of the MCP detector are shown in Table 2.10. The detector 

has an effective area of 14.5 mm with a bias angle of 8 degrees, a 12 m  pore size, and 

an L/D (a ratio of length to pore diameter) of 40 and total resistance of the MCPs is ~1 

MOhm. Behind the MCPs, a resistive anode encoder is placed to analyze positions of 

incident photons. The conventional RAE has a rectangular shape. However, in order to 

downsize, the RAE installed in PHOENIX was improved to a triangle shape. This 

improvement has advantages of a reduction of the number of channels of analog 

electronics and enlargement of the aperture. A photograph of the flight assembly of 

MCPs and RAE is shown in Figure 2.16.  

 

Table 2.10. Specifications of the MCP (catalog item) 

Number of Stacks 3-stack 

Effective Area 14.5 mm 

Input High Voltage Nominal value: -2.5 kV 

Gain > 10
7
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Figure 2.16. Assembly of MCPs and RAE for PHOENIX. The effective area of the 

MCPs is 14.5 mm diameter. The triangle shaped RAE is placed behind the MCPs. 

 

 An electron cloud emitted from the MCPs consists of an order of ~10
7
 

electrons. The electron cloud is drifted from the MCPs output to the RAE and divided 

over three electrodes at the corners in reverse proportional to the distance to them. 

Figure 2.17 shows a block diagram of position analysis in the electronics of PHOENIX. 

The electrons are directly sent to the charge amplifiers. The amplifiers are composed of 

three separate electrodes (one for each anode corner). The signal at the electrode is 

amplified by A-225 and PH300 holds the signal peak. These processes are done in the 

vicinity of the lens barrel of PHOENIX, while following processes are done at a 

distance up to 35 cm from the lens barrel due to size limitation of the spacecraft. ADC 

digitalizes height of the signal. The main electronics (FPGA) computes the position. 
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The position of an incident photon is calculated by following formulas, 

 

 𝑋 =
𝑄𝐴

(𝑄𝐴 + 𝑄𝐵 + 𝑄𝐶)
 (2-1) 

 𝑌 =
𝑄𝐶

(𝑄𝐴 + 𝑄𝐵 + 𝑄𝐶)
 (2-2) 

 

where, QA, QB, and QC represent the amounts of electrons divided for each electrode. 

The location of the incident photon is transmitted to an (X, Y) of an oblique coordinate 

system and the intensity is incremented digitally by 1. The coordinate system divides 

into 256×256 bin
2
. A-225 and PH300 are manufactured by AMPTEK. In nominal 

observation, PHOENIX will take one image every 10 minutes. The obtained 

two-dimensional data will be downlinked and integrated to acquire an image of the 

plasmasphere. In the ground calibration, the dark count rate of the MCP detector was 

~0.7 cps/cm
2
. The assembly was manufactured by HAMAMATSU Photonics. 

 

 

Figure 2.17. Block diagram of position analysis electronics. Preamplifiers and 

peak-hold ICs are AMPTEK Co. products. This system realizes 256-bin for each axis.  
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2.6.2. Quantum Efficiency Measurement 

 In order to evaluate quantum efficiencies of the MCPs installed in PHOENIX, 

measurement for emission lines with a wide spectral range was performed. The 

wavelength was selected by a spectrometer, which is installed behind a lamp. Figure 

2.18 shows the dependence of the quantum efficiencies (QEs) on an incident angle of 0 

degrees. For 30.4 nm, the QE achieved 0.16 and it gradually decreased with increases in 

the wavelength. The QE for 121.6 nm, which is the strongest emission in 

circumterrestrial space, was 1/10 compared to that for 30.4 nm. 

 

 

Figure 2.18. Measured QEs of the MCPs for PHOENIX with an incident angle of 0 

degrees. As the wavelength becomes longer, the QE decreases and eventually, for 121.6 

nm, it decreases to 1/10 compared to that for 30.4 nm. 
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2.6.3. Dependence of Gain of MCPs on Incident 

Angle 

 A 3-stack MCP detector is installed in PHOENIX and phases of the MCPs are 

changed by 180 degrees for each stage. Pores of the MCPs are tilted by a bias angle of 8 

degrees. When light with the bias angle enters the pore of the first stage MCP, the 

secondary electron emission does not occur and eventually the effect leads gain of the 

MCP detector to reduce. Therefore, it is necessary to quantitatively estimate the 

reduction in gain due to various incident angles. 

 I calculated incident angles of light reflected by the mirror to the pore of the 

first stage MCP as shown in Figure 2.19. Figure 2.20 shows histograms of these incident 

angles. The dependence of gain on the incident angle of the pore of the first stage MCP 

was investigated from 0 degrees to 30 degrees in increments of 5 degrees (Figure 2.21). 

In this experiment, there were variations in the incident angle since incident light to the 

MCP detector was not strictly parallel light. However, it is considered that the variations 

were less than 0.1 degrees with consideration of a diameter of a pinhole on the front of a 

slit and distance between the spectrometer and the slit. The sum of the histogram and 

the dependence of gain on the incident angle corresponds to gain of the detector when 

parallel light enters into PHOENIX. Since the difference between the gain for the 

parallel light with the incident angles of 0 degrees and 6 degrees is about 1.7%, and the 

threshold of an amplifier is 5 × 106 electrons, the reduction in gain due to the bias 

angle is negligible as shown in Figure 2.22. The histograms distribute as shown in 

Figure 2.20 because the ratio of the mirror diameter to the focal length is greater than 

that of the pore diameter to length. Therefore, gain is insensitive to the incident angle 

and sufficient amplification is expected even in the first stage MCP. 
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Figure 2.19. Distributions of the incident angle to the pore of the first stage MCP. The 

left (right) panel shows the distribution at an incident angle of 0 deg. (6 deg.) to 

PHOENIX. 

 

 

Figure 2.20. Histograms of incident angle to the pore. The left (right) panel shows the 

distribution at an incident angle of 0 deg. (6 deg.) to PHOENIX. 
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Figure 2.21. Dependence of gain on the incident angle to the pore of the first stage 

MCP. 
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Figure 2.22. Dependence of gain on the incident angle to PHOENIX. 

 

2.7. Aberration Analysis 

 The target level of a plate scale of PHOENIX is 0.15 Re/bin in design. This 

value corresponds to 1/2 of the apparent width of the plasmaspheric filament 

[Murakami et al., 2013] and about 180 m  on the detector plane. Therefore, in order 

to observe the plasmaspheric structure from the Moon orbit, the spatial resolution of at 

least 0.15 Re is required. The aberration analysis of an optical configuration of 

PHOENIX should be performed because a spherical aberration of the mirror possibly 

blurs acquired images. 

 Figure 2.23 shows the relationship between the mirror-detector distance and a 

size of the aberration on the detector plane calculated by Zemax software. The size of 

the aberration means the 50% encircled energy region (ECE) in this case. The figure 
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distance between the multilayer coated mirror and the detector plane should be in the 

range of 1.04.69  mm. From this analysis, the multilayer coated mirror (focal length = 

70 mm) installed in PHOENIX was placed at a distance of 69.4 mm from the detector 

plane in design. 

  

 

Figure 2.23. Relationship between mirror-detector distance and the size of aberration. 

The aberration radius of the optical system of PHOENIX can be suppressed to less than 

100 m by placing of the mirror at a distance of mm from the detector plane. 

 

 The actual distance between the mirror and the detector is fine-adjusted by 

inserting shims behind the mirror. In order to determine the optimum value of the 

distance, a collimated light was entered into PHOENIX with various numbers of the 

shims (thickness of a shim = 0.1 mm) and aberration was evaluated from the spot sizes 

of collected light on the detector plane. Figure 2.24 shows the result of the experiment 

with an incident angle of 0 degrees. The result explains that aberration with the 

designed value (69.4 mm) is smaller than those with other values and the spot size of 88 

 𝜇𝑚 is significantly smaller than the bin size of 180 𝜇𝑚. In other words, the spatial 
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aberration. 

  

 

Figure 2.24. Relationship between the number of shims and the spot size which is 

collected on the detector plane. 

 

2.8. Total Sensitivity of PHOENIX 

 PHOENIX has a full circular field-of-view of 11.9 degrees, and the spatial 

resolution of 0.15 Re on the Earth’s surface from the Moon orbit. 

 According to the results of evaluations for each component (a multilayer coated 

mirror, a metallic thin filter, and an MCP detector), the overall sensitivity of PHOENIX 

as a function of the wavelength can be estimated. The efficiencies of each component 

that have been evaluated in the former subsections and the total photon detection 

efficiency (multiplied all efficiencies) are shown in Figure 2.25. 
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 .
4

106

EffBN  (2-3) 

 

In this equation, the B  represents brightness of the target in units of Rayleigh, and 

.Eff  represents the effective area of PHOENIX which is calculated by multiplying an 

area of the aperture and the detection efficiency.   is the solid angle of identical 

field-of-view of one bin. The typical values of those parameters are summarized in 

Table 2.1. PHOENIX has a total sensitivity of 0.059 cps/Rayleigh/bin for the He II 30.4 

nm. The efficiencies of each component and the total sensitivity are shown in Table 

2.11. 
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Figure 2.25. Efficiencies of each component and total photon detection efficiency 

(multiplied all efficiencies) of PHOENIX. The red dots correspond to the measured 

values and the black lines represent the calculated values. The red dots of the upper 

panel show the reflectivities of light incident on a position of 25 mm away from the 

center of the mirror. 
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Table 2.11. Efficiencies for He II emission (30.4 nm) 

Reflectivity of Mirror 30.0% 

Transmittance of Filter 20.1% 

Quantum Efficiency of MCP 15.6% 

Total Sensitivity 0.059 cps/Rayleigh/bin 

 

 I estimated the ratios between the signal counts and the statistical fluctuation 

(signal to noise ratio, SNR). The detector is assumed to be an ideal photon counter and 

photon counts in each exposure time accord to the Poisson distribution. The statistical 

fluctuation of signal is described as the square root of counts. 

 A primary noise source is an instrumental background (noise count from MCPs 

due to cosmic ray and/or high-energy particle bombardments in the magnetosphere). 

The second noise source is a contamination from He I (58.4 nm) and H I Lyman-alpha 

(121.6 nm) emissions. As shown in Figure 2.15, the metallic thin filter attenuates the H I 

Lyman-alpha emission sufficiently and so the intensity of the emission is negligible for 

the observation. For He I (58.4 nm), it is fairly well reduced by the filter, however, it has 

the potential to contaminate the observation. The results from the NOZOMI mission, the 

intensities of He II 30.4 nm emission from the main body of the plasmasphere and the 

plasmapause were reported as about 5 Rayleigh by Nakamura et al. [2000] and 0.5 

Rayleigh by Yoshikawa et al. [2000a], respectively. For contamination sources, the 

maximum intensities of He I (58.4 nm) in the geocorona and the interplanetary are 

assumed to be 100 Rayleigh [Meier and Weller, 1972] and 7.5 Rayleigh [Yamazaki et al., 

2006], respectively. It should be noted that the main body of the plasmasphere imaged 

by PHOENIX cannot be distinguished clearly from the contamination of the geocoronal 

He I emission. On the other hand, the interplanetary He I emission can be observed 

separately in the field-of-view of PHOENIX. Therefore, the interplanetary He I 

emission can be subtracted from the obtained image. Because it was reported that the 

temporal variation and spatial distribution of the emission are very small [Yamazaki et 

al., 2006], the statistical fluctuation of the background can be assumed as the square 

root of counts of the background. 
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 SNR can be assumed based on the following equations, 

 

 

backgroundtotalsignal NNN   

backgroundsignalbackgroundsignalbackgroundtotalsignal NN 22 2222   

backgroundsignal

signal

signal

signal

NN

NN
SNR

2



  

(2-4) 

 

where 
signalN  is the EUV signal detected by the detector in units of cps/bin. 

backgroundN  

is expressed in the instrumental background plus the contaminations from the 

interplanetary He I emission (58.4 nm). The calculated SNRs are shown in Figure 2.26. 

PHOENIX can observe the plasmapshere with 10-min exposure time in nominal 

observation and identify the main body of the plasmasphere with a high SNR (>10). The 

plasmapause can be observed with the exposure time of < 1hour.  
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Figure 2.26. Signal-to-noise ratios of the observations for the plasmaspheric structure. 

 

2.9. Feasibility Analysis for Observation of 

PHOENIX 

 The plasmapause and the plasmaspheric filament are assumed as the 

observation targets of PHOENIX. 

 For observations for the plasmapause, the aim is to capture structural changes 

of it to the geomagnetic variations. The geomagnetic storm, a large scale geomagnetic 

disturbance, causes a decrease in the geomagnetism over several hours in the main 

phase. In the recovery phase, the geomagnetism increases over several hours to days 

and finally returns to the steady state. In order to capture these geomagnetic variations, 

the temporal resolution of 1 hour is thought to be sufficient. In the case of the 

plasmaspheric filament, its structure can be observed with 10-min exposure as shown in 
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Figure 2.26. The structure moves about 2.5 degrees in the longitudinal direction in 10 

minutes because the plasmasphere co-rotates with Earth. When the structure moves 2.5 

degrees near the plasmapause (4 Re), the moving distance is less than 0.01 Re as viewed 

from the Moon orbit. The variation is less than 5% with respect to the width in the 

longitudinal direction of the filament structure. Singh and Horwitz [1992] measured 

plasma density during refilling after the geomagnetic storm of September 13, 1968. 

Equatorial density around 𝐿 of 3.5 recovered to the steady state over about 8 days from 

the beginning of this refilling event. Furthermore, the refilling rate during erosion was 

also estimated by Denton and Borovsky [2014]. In their simulations, the total ion density 

increased with a refilling rate of ~120 cm
-3

 / 5 days. Assuming that the refilling rate of 

He ions is 0.1 cm
-3

 / 1 hour because of their abundance, the increase by refilling of the 

plasmaspheric density around 𝐿 of 3.5 is only about 0.1%. Therefore, 10-min exposure 

is sufficient to capture the structure of plasmaspheric filament and its temporal 

evolution. 

 In the main phase of the geomagnetic storm, an erosion of the plasmasphere 

occurs due to the development of the convection electric field of the magnetosphere. In 

the recovery phase, the plasmasphere reduced by the erosion returns to the steady state 

by the refilling of plasma from the ionosphere. During the erosion, the plasmasphere 

shrank with the mean speed of ~0.2 Re / hour [Murakami et al., 2010]. The structure of 

the plasmaspheric filament was reported by Murakami et al. [2013] and it expands 

spatially ~0.3 Re. The observations for the above structure require the spatial resolution 

of 0.15 Re at least and this resolution of PHOENIX was decided based on the trade-off 

with the downlink rate of the spacecraft. 

 I simulated the imaging observations for the plasmasphere. The spacecraft with 

PHOENIX will arrive at the Earth-Moon Lagrange point L2 in June 2019. Figure 2.27 

shows the illustration of geometry of observations from the Moon orbit. Figure 2.28-30 

show the calculated images with 1-hour exposure obtained by PHOENIX when it is 

located on the dawn (a), day (b), and dusk (c) sides of Earth. The appearance of the 

plasmasphere varies depending on the location due to the inclination of the magnetic 

axis. In these calculations, I assumed that the plasmasphere has a circular shape. The 
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equatorial He ion density distributions were calculated with an empirical formula 

obtained from the statistical in-situ measurement [Carpenter and Anderson, 1992]. The 

formula is described as follows: 

 

 𝑙𝑜𝑔10𝑁𝑒𝑞 = −0.3145𝐿 + 3.9043 (2-5) 

 

where 𝑁𝑒𝑞 is expressed in electron/cc and 𝐿 is L-value. The He ion density along the 

magnetic field line was calculated from radial power law according to: 

 

 𝑛 = 𝑛0(𝐿 𝑅𝑒/𝑅)3 (2-6) 

 

where 𝑛0 is the He ion density at the equatorial plane, Re is the Earth radius, and R is 

the geocentric distance [e.g., Obana et al., 2010]. The validity of this model can also be 

discussed by results from observation of PHOENIX. 
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Figure 2.27 Illustration of geometry of observations for the plasmasphere from the 

Moon orbit. 
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Figure 2.28. Calculated image of the plasmasphere observed by PHOENIX from the 

location at (a) in Figure 2.27. Earth is located in the blue circle near the center of the 

image. The white line and the red dot on Earth represent the Earth’s geomagnetic 

equator and the sub-solar point, respectively. The sun is on the right side of the image. 
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Figure 2.29. Calculated image of the plasmasphere observed by PHOENIX from the 

location at (b) in Figure 2.27. This image is presented in the same manner as that in 

Figure 2.28. 
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Figure 2.30. Calculated image of the plasmasphere observed by PHOENIX from the 

location at (c) in Figure 2.27. This image is presented in the same manner as that in 

Figure 2.28. 

 

 In addition to the imaging of the plasmasphere, observation of the 

plasmaspheric filament was also simulated. It was reported that this looped structure is 

filled with 5 times dense plasma as compared with the neighbor magnetic flux tube. 

Figure 2.31 shows the simulated image with 10-min exposure of the plasmaspheric 

filament observed by PHOENIX. It is suggested that the filament structure with a width 

of 0.3 Re can be observed by PHOENIX. 
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Figure 2.31. Calculated image of the plasmaspheric filament observed by PHOENIX 

from the location at (b) in Figure 2.27. The isolated flux tube at 𝐿 = 3.5 and MLT = 6 

can be detected. Inside it He ion density is assumed to be higher than its neighbors by a 

factor of 5. The red dashed lines are drawn to emphasize the loop structure.  

 

2.10. Conclusions 

 The ultra-small EUV imager, PHOENIX, onboard the EQUULEUS will image 

near-Earth cold plasma at the wavelength of He II (30.4 nm) emission. PHOENIX has 

enough performance to detect the He ion density distribution in the plasmasphere and 

can detect the plasmapause with exposure time of < 1 hour. This value is sufficient to 

discuss the behavior of plasma in the plasmasphere. In addition, the improvement of the 
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efficiency enabled constructing PHOENIX with size of 66 × 99 × 99 𝑚𝑚2, and its 

size is considerably smaller (< 10%) than KAGUYA/TEX. 
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Chapter 3. Development of the Absorption Cell 

3.1. Introduction 

 Liquid water is considered a necessary condition for the development of 

complex organic molecules and the eventual formation of life in the universe. In this 

context, the water dissipation process can provide important information for estimating 

the past abundance and survival of water in planetary atmospheres. 

 In the lower atmosphere of planets, water molecules (H2O) are 

photodissociated by sunlight mainly into hydrogen atoms and hydroxyl radicals. The 

generated hydrogen atoms are elevated to the ionosphere and only those atoms with 

kinetic energies higher than the gravitational potential energy can escape to 

interplanetary space by thermal dissipation, which is the main atmospheric escape 

process. 

 Hydrogen atoms in planetary exospheres resonantly scatter solar Lyman-alpha 

radiation (121.567 nm) and form planetary hydrogen coronas. In the optically thin 

region, the intensity of this emission is proportional to the density of the atom. 

Therefore, the density distribution of the hydrogen atoms can be estimated by 

measuring the intensity of the H Lyman-alpha radiation. Alternatively, the estimation of 

the Doppler temperature requires the shape of the H Lyman-alpha line whose width, for 

example, is 3102~   nm at 500 K. The Imaging UltraViolet Spectrograph (IUVS) on 

board the MAVEN (Mars Atmosphere and Volatile EvolutioN) spacecraft was launched 

in November 2013 as part of a NASA large exploration mission. Even this large 

instrument (outer envelope dimensions of 617 × 541 × 231  mm
3
 for 26.8 kg 

[McClintock et al., 2015]) with a high spectral resolution capability in the echelle mode 

cannot capture the profile of the Lyman-alpha line [Clarke et al., 2017]. In order to 

measure the line shape with a spectrometer, a considerably larger size payload would be 

required. Therefore, if the development of smaller and lighter spacecraft-borne 

instruments for observing planetary coronas can be realized, that would increase the 

chances of participating in future space missions. 
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 The intensity of the Earth’s hydrogen corona is sensitive to electromagnetic 

disturbances by solar winds. Lyman-alpha detectors [Nass et al., 2006; McComas et al., 

2009] installed on the Two Wide-angle Imaging Neutral-atom Spectrometers (TWINS) 

of an Earth-orbiting satellite mission, recorded detailed images of the geocorona [Bailey 

and Gruntman, 2011]. The detectors also found that the neutral hydrogen density 

increases by 6-17% during geomagnetic storms [Bailey and Gruntman, 2013]. The 

Hisaki satellite, launched in September 2013, is equipped with the extreme ultraviolet 

spectrometer (EXtreme ultraviolet spectrosCope for ExosphEric Dynamics: EXCEED) 

[Yoshioka et al., 2013; Yoshikawa et al., 2014]. EXCEED acquires spectroscopic images 

(52-148 nm spectral range) of the atmospheres/magnetospheres of planets from the 

Earth-orbiting. The images taken by EXCEED also contain the geocoronal emissions 

because the instrument observes the targets from within the terrestrial exosphere (~1000 

km). Using the geocoronal emissions data obtained by the Hisaki satellite, Kuwabara et 

al. [2017] revealed that the neutral hydrogen density variations is explained in terms of 

the charge exchange with plasmaspheric ions. Imaging observations of the geocorona 

from the outside the terrestrial exosphere were also conducted by Kameda et al. [2017] 

using the Lyman Alpha Imaging CAmera (LAICA) onboard the ultra-small deep space 

explorer, PRoximate Object Close flYby with Optical Navigation (PROCYON) [Funase 

et al., 2015]. The instrument obtained the first image from deep space of the entire 

geocorona extending more than 38 Earth radii. They reproduced the observed intensity 

distribution using their proposed analytical model that contains exobase temperature, 

exobase density, and solar radiation pressure as parameters and suggested that the 

production of hot hydrogen atoms in the plasmasphere is not the dominant process 

shaping the outer hydrogen exosphere. Conditions for formation of coronae would be 

different in solar planets. These differences result from the individual planet’s physical 

characteristics, for example, the intrinsic magnetic field, gravity, presence of a sea, and 

the atmospheric composition. Therefore, planetary corona observations are challenging 

and indispensable for understanding and modelling planetary atmospheres [Chaffin et 

al., 2015]. 

 Hydrogen absorption cell measurements are an efficient technique for remote 
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sensing of the density and temperature distributions of planetary hydrogen coronas. This 

technique has been primarily used to measure the geocorona [Bertaux, 1978]. The 

temperature distribution provides crucial information for quantitatively estimating the 

escape rate of hydrogen atoms present in a planetary atmosphere. In addition, the 

absorption cell technique has certain advantages over others in terms of geometrical size, 

weight, simplicity, and durability. Thus, the technique could be suitable for future small 

size satellite missions. 

   

3.1.1. Early Observations using Absorption Cells 

 Observations using hydrogen/deuterium absorption cells onboard rockets or 

satellites have been conducted to measure the intensity of hydrogen Lyman-alpha line 

emission which is resonantly scattered by hydrogen atoms in planetary atmospheres or 

the interstellar medium. Morton and Purcell [1962] observed the hydrogen Lyman-alpha 

night glow of the terrestrial atmosphere using a hydrogen absorption cell on board a 

rocket for the first time. 

 Following this achievement, observations using absorption cells mounted on 

satellites have also been performed. The Lyman-alpha line shape in the terrestrial upper 

atmosphere was analyzed by a hydrogen absorption cell on board the OGO-5 satellite 

by Bertaux and Blamont [1971, 1981] and Bertaux [1978]. 

 Bertaux et al. [1978, 1981] used hydrogen and deuterium absorption cells 

onboard Venera-9 and 10 to observe the day side hydrogen exosphere of Venus. From 

these observations, an exospheric temperature of 500 ± 100 K was estimated from 

both the scale height analysis and the line width measurements. 

 Bertaux et al. [1976] and Babichenko et al. [1977] reported that the 

temperature of interplanetary hydrogen near the Sun was 12000 K and 340 ± 30 K in 

the Martian upper atmosphere using the cells onboard Mars 4-7. 

 Lallement et al. [1984, 1985], Bertaux and Lallement [1984], and Bertaux et al. 

[1985] showed that the temperature of the interstellar medium (LISM) flowing in the 

solar system was 1800 K from the analysis of a spectral profile and a variation of 
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Doppler shift of the observed hydrogen Lyman-alpha emission from the LISM using 

hydrogen absorption cells onboard Prognoz 5 and 6. 

 The width of a hydrogen Lyman-alpha line can be measured by varying the 

width of the absorption profile. Bertaux et al. [1989] observed geocoronal and 

interplanetary hydrogen Lyman-alpha line emissions from instruments aboard 

Spacelab-1 and estimated their line shapes using this method. 

 As cited above, hydrogen absorption cell measurements are an efficient 

technique for remotely sensing the density and temperature distributions of planetary 

hydrogen coronas. The temperature distribution provides crucial information for 

quantitatively estimating the escape rate of hydrogen atoms present in the planetary 

atmosphere. In addition, the absorption cell technique has certain advantages over 

others in terms of geometrical size, weight, simplicity, and durability. Thus, the 

technique could be suitable for future small satellite missions. 

 An absorption cell photometer was mounted on the first Japanese Mars mission, 

NOZOMI [Taguchi et al., 2000], but no data could be obtained because NOZOMI’s 

orbit insertion was unsuccessful. In addition, due to limited development time, 

parameter optimization (i.e., filament shape, applied power, gas pressure, and others) for 

the absorption cells installed in the NOZOMI spacecraft was insufficient. Since the 

absorption performance is strongly dependent on these parameters, further optimization 

and study would be required for a future space mission. 

 In this study, I have focused mainly on the principle of thermal dissociation for 

the tungsten filament and constructed new hydrogen absorption cells for the evaluation 

of the absorption efficiency. Four types of filaments whose shapes were shorter and/or 

thinner than the ones previous studied were attached to the glass cells. An increase in 

the dissociation rate due to the new filament design was expected. 

 

3.1.2. Purpose of this Chapter 

 I have mainly focused on the principle of thermal dissociation for the tungsten 

filament and constructed new hydrogen absorption cells for evaluation of the absorption 
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efficiency. Gas inlet ports allowed the H2 gas pressure in the glass cells to be controlled 

for the performance evaluation. Four types of filaments whose shapes were shorter 

and/or thinner than the ones previously studied were attached to the glass cells. An 

increase in the dissociation rate due to the new filament design was expected. 

 To develop and optimize the design of the absorption cells for future missions, 

the performances of the new cells were evaluated using the French synchrotron facility, 

SOLEIL, in July 2016. Absorption profile dependences were obtained for filament 

length and diameter (1), applied power to the filaments (2), hydrogen gas pressure (3), 

and optical path length of the cell (4). Here we present and analyze the experimental 

results and discuss perspectives for future development and application of the 

absorption cell technique. 

 

3.2. Absorption Cell Technique 

3.2.1. Principle 

 The hydrogen absorption cell technique provides scientists with the density and 

temperature distributions of hydrogen coronas. 

 A hydrogen absorption cell consists of a soft cylindrical glass tube and two 

magnesium fluoride (MgF2) windows fused to both sides of the cylinder. The windows 

are transparent to vacuum ultraviolet (VUV) radiation down to 115 nm. The cells are 

filled with hydrogen molecules. When the filaments inside the cell are turned on, the 

hydrogen molecules thermally dissociate into two ground state hydrogen atoms. 

Hydrogen Lyman-alpha emissions from the atmosphere enter the cell through the MgF2 

window and are absorbed by the hydrogen atoms which transition into the excited state 

n = 2. When the density of hydrogen atoms is sufficient, the medium in the cell becomes 

optically thick for the Lyman-alpha radiation. The radiation is transmitted through the 

cell when the filaments are turned off. The intensity of the hydrogen Lyman-alpha 

emission is obtained by subtracting the VUV intensity through the cell when the 

filaments are turned on from the intensity when the filaments are turned off. 
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 Figure 3.1 shows the conceptual diagram for estimating Doppler temperature. 

The absorption profile depends on the temperature and number density of the atoms in 

the cell. When the power applied to the filaments is low, the hydrogen molecules are 

insufficiently dissociated. Due to the low number density and temperature, the medium 

is optically thin at the hydrogen Lyman-alpha wavelength, and the width of the 

absorption spectrum is narrow. When the applied power is high, the medium becomes 

optically thick and the spectral width increases. Thus, the amount of transmitted light 

passing through the cell varies in response to the absorption profile. Comparing 

measured Lyman-alpha intensities with different absorption profiles calibrated during 

ground operations enables the estimation of the source atmosphere Doppler 

temperature. 

 

 

Figure 3.1. Conceptual diagram of the Doppler temperature detection. Changing the 

power applied to the filaments (i.e., filament temperature, Tf) changes the absorption 

profile. The Doppler temperature can be estimated by calculating the respective 

absorption profiles from the detected transmitted light. 
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3.2.2. Performance Evaluation of the Improved 

Absorption Cells 

 I have developed two new absorption cells based on those designed for the 

NOZOMI mission. Kawahara et al. [1997] described the prototype hydrogen/deuterium 

absorption cells developed for the mission in detail. The UVS-P photometer on board 

NOZOMI (launched in 1998) consists of the hydrogen/deuterium cells developed by 

Taguchi et al. [2000] based on the prototype cells [Kawahara et al., 1997]. Here, in 

order to systematically study the cell performance, optical thickness, and Doppler width 

for various specifications and conditions, I constructed the new cells with four different 

types of filaments. The specifications of the newly designed cells from this study are 

shown in Table 3.1 together with those from previous studies.  

 

Table 3.1. Specifications of cells 

 Cell Type 
Diameter of 

Cell [mm] 

Optical Path 

Length [mm] 

Gas Press. 

[Pa] 
Filament Material 

This 

Study 

Variable 47 100 
Variable 

Tungsten 

(Shown in Table 2) Variable 47 60 

Prototype 
H cell 25 100 

400 
Tungsten 

(0.1 mm∅ × 30 mm) D cell 50 60 

UVS-P 
H cell 25 60 

400 
Tungsten 

(20 μm∅ × 90 mm) D cell 25 60 

 

 Four types of tungsten filaments with different lengths and diameters (Table 

3.2) were attached to the new cells at sides I and II of the cells (Fig. 3.2). These 

filaments can be individually turned on/off. In addition, gas inlet ports were attached to 

feed H2 molecules into the absorption cells. The cell performance was expected to be 

largely dependent on the filament shape and the H2 pressure. 
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Figure 3.2. View of the new type of absorption cell (optical path length = 100 mm) 

designed for calibration purposes. The diameter of the effective area (MgF2 windows) of 

the cell is 47 mm. Four types of filaments, as shown in Table 2, were attached to sides I 

and II of the cell. These eight filaments could be turned on/off independently. In order to 

change the gas pressure, a gas inlet port was used to feed H2 into the cell. The H2 gas 

pressure and the filament power could be changed from outside the chamber. 
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Table 3.2. Filament shape installed in the new cells 

Filament type Filament length [mm] Diameter [µm] 

        Type-A          51.1           27.6 

        Type-B          28.5           27.6 

        Type-C          35.6           24.4 

        Type-D          20.8           24.4 

 

3.3. Absorption Profile Measurement with a 

High-resolution Fourier Transform Spectrometer 

 The absorption profiles of various absorption cells were measured with a 

unique high-resolution Vacuum UltraViolet Fourier Transform Spectrometer 

(VUV-FTS) installed on the VUV undulator-based DESIRS beamline [Nahon et al., 

2012] at the Synchrotron SOLEIL, Saint Aubin in France. The branch performance has 

been described in detail previously [de Oliveira et al., 2016], and only the details 

specific to the present experiment are discussed. The spectrometer was set to achieve a 

spectral resolution of 8.0×10
-4

 nm at 121.6 nm. The full undulator bandwidth (~7 nm) 

fed the FTS branch located upstream of the monochromator. The FTS allows broadband 

high-resolution absorption spectroscopy in the VUV down to 40 nm, see de Oliveira et 

al. [2016] for more details. Note that the efficiency of the instrument permitted a 

high-resolution, 7 nm bandwidth single scan in about 15 minutes. The short scan time is 

essential when several parameters need to be tested within the limited time allocated on 

the synchrotron beamline. 

 Measurements of the absorption profiles of the hydrogen cells were recorded 

by placing an absorption cell in a vacuum chamber. Figure 3.3 shows a schematic 

diagram of the measurement configuration. The cell was set on an XZ translation stage 

and installed in the FTS branch vacuum chamber of the DESIRS beamline. The 

undulator beam passed through the cell and the transmitted light was recorded by the 
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FTS instrument downstream. The applied power to the filaments and the H2 gas 

pressure in the glass cell were regulated from outside the chamber. The outside of the 

gas inlet port was connected to a gas cylinder and a vacuum pump. The evacuation and 

injection of H2 gas were performed before each measurement and the gas pressure could 

be adjusted with an accuracy of ~10 Pa. The purity of the H2 gas was > 99.9995%. 
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Figure 3.3. (a) Cross-sectional diagram of the measurement configuration. The VUV 

synchrotron beam travels through the absorption cell before entering the FTS. The cell 
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on the XZ translation stage is placed in the vacuum chamber (pressure ~
5105   Pa). 

The power applied to the filaments and the gas pressure in the cell can be changed from 

outside the chamber. (b) Side view of the new cell. The undulator beam ( 25.6   mm
2
) 

passes through near the center of the glass. (c) Filament locations on sides I and II in the 

100 mm cell. (d) Filament locations on sides I and II in the 60 mm cell. Figures not to 

scale. 

 

3.4. Data Analysis 

 According to the Beer-Lambert law, the intensity of the light transmitted 

through the cell can be expressed by the following equation: 
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Here, 𝐼0 is the incident synchrotron radiation which is constant in the vicinity of the 

line, 𝜆0  is the Lyman-alpha absorption line center, 𝜏0  is the optical thickness at 

λ = 𝜆0, and ∆λ is the Doppler width of the hydrogen atoms in the cell. The H (n = 2) 

lifetime, the Stark, and the collisional broadenings are neglected, therefore, the optical 

thickness can be described as the Doppler Gaussian-shape function within a good 

approximation. However, the observed transmission should be modified in order to 

account for the instrumental response function according to: 

 

 









')'(

')'()(
)(






d

dI
Iobs  (3-2) 

 

The observed absorption spectrum is the convolution of the true line profile with the 

FTS apparatus function Γ(λ), which is a well characterized sinc function: 
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Δ𝜆FTS is the FWHM of the sinc function arising from the FTS finite optical path 

difference and is directly related to the instrument spectral resolution. During the 

measurements, the instrument was set for Δ𝜆FTS = 8.0 × 10−4 nm, which is roughly 

half the Doppler width of the atomic hydrogen Lyman-alpha transition at room 

temperature. This spectral resolution is sufficient to properly describe the line. 

 The optical thickness at λ = 𝜆0 , 𝜏0 , and the Doppler width, ∆λ will be 

considered as figures of merit. As the optical thickness becomes larger and the FWHM 

becomes wider, the amount of absorbed light increases. Consequently, the level of 

performance will be considerably higher. An absorption cell with high performances 

provides high tunability of the absorption thickness and then the Doppler temperature.  

 An optimization routine was developed based on a least-squares best-fit of 

𝐼𝑜𝑏𝑠(𝜆) to the experimental absorption spectrum, with 𝜏0, ∆λ (temperature dependent), 

𝐼0, and 𝜆0 as free parameters. ∆𝜆𝐹𝑇𝑆 was set to the theoretical value as described 

above. Figure 3.4 shows two examples with different applied powers. The model quite 

accurately reproduced the experimental data, however, the consistency was not perfect 

for the saturation level (zero transmission) as shown in Fig. 3.4 (b). This experimental 

artifact has been described previously [de Oliveira et al., 2016], and is related to phase 

errors occurring in the FTS, and is probably due to the noisy environment of the 

synchrotron facility. Another report has revealed a small instrumental Gaussian 

broadening in the FTS that can be determined when the measured linewidth is narrow 

[Heays et al., 2011]. The FWHM of this extra Gaussian broadening, whose origin is not 

fully identified, is ~
5104.7   nm and was completely neglected during the present 

study.
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Figure 3.4. Obtained spectra near the center of the hydrogen Lyman-alpha line with two 

different applied powers (black circles). The model spectrum assumes a Doppler 

broadening (in red). The small regular oscillation is an instrumental effect due to the 

shape of the apparatus function; see text for details. 

 

 

 

121.560 121.565 121.570 121.575

0

0.1

0.2

0.3

Wavelength [nm]

In
te

n
si

ty
 [

a
.u

.]

Type-C
Single
Power:
Pressure:
Length:

1.5 W
300 Pa
100 mm

(b)

121.560 121.565 121.570 121.575
0

0.05

0.1

Wavelength [nm]

In
te

n
si

ty
 [

a
.u

.]

Type-C
Double
Power:
Pressure:
Length:

1 W
300 Pa
100 mm

(a)



93 

 

3.5. Results and Discussion 

3.5.1. Dependence on the Filament Length and 

Diameter 

 Figures 3.5 and 3.6 show (a) the optical thicknesses and (b) the FWHMs 

( 2ln2 ) of the absorption profiles, respectively, for the 100 mm and 60 mm cells, 

with an H2 pressure of 300 Pa and a filament power of 1.5 W. Four pairs of filaments 

were turned on/off on one side (single filament), or both sides (double filaments). The 

absorption profiles with all possible variable combinations could not be obtained due to 

limited beam time and thus, there are missing data in some of the figures. However, 

some insights can be inferred from the recorded data. 

It was found that the optical thicknesses with filaments Type-C and -D were 

larger than those with Type-A and -B for both cell lengths. These results suggest that the 

thinner and shorter filaments provided higher performance. In contrast, no significant 

difference appeared in the FWHMs. 

Hydrogen molecules dissociate into atoms when they collide with the filaments, 

and the thermal energy from the filaments causes the atoms to leave the surface. When 

the filaments are thinner and shorter, the filament temperature is generally high because 

of the higher power density. This leads to a higher dissociation rate and a larger optical 

thickness compared to the thicker and longer filaments. 
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Figure 3.5. Optical thicknesses (a) and FWHMs (b) of the absorption profiles in the 100 

mm cell using different filaments. The applied power was 1.5 W, and the H2 gas 

pressure was 300 Pa. The white bars indicate the results when filaments on both sides 

were turned on. The black-hatched bars indicate the results when one filament on side I 

was turned on. 
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Figure 3.6. Optical thicknesses (a) and FWHMs (b) of the absorption profiles in the 60 

mm cell using different filaments. The other experimental conditions are the same as in 

Fig. 3.5, except for the cell length. 
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cells and the Type-C filaments at an H2 gas pressure of 300 Pa. The optical thicknesses 

increased with increasing the applied powers of the filaments in the range from 1 to 3 W. 

These observations might be explained in terms of the dissociation rate increasing with 

the filament temperature due to the applied power. However, at 3 W or more, the optical 

thicknesses seemed to reach a saturation level. The data for the absorption cells of the 

UVS-P and the prototype are also shown in Fig. 3.7 for comparison. The new cells 

showed a wider tunability for the optical thickness than the previous cells. The small 

optical thicknesses of the prototype cell by Kawahara et al. [1997] may be attributed to 

the thick filament used in their cell. A quasi-linear correlation between the applied 

power and the FWHM is shown in Fig. 3.7 (b). The energy of the hydrogen atoms 

desorbing from the tungsten filament surfaces is given by the thermal energy of the 

filaments. The filament temperature deduced from the tungsten resistivity increased 

quasi-linearly with the applied power. Therefore, the FWHM that was proportional to 

the square root of the gas temperature also increased quasi-linearly with the power. 

There is no clear explanation for the larger FWHM of the UVS-P. 

  It can be seen from Figs. 3.5-7 that practically no differences were observed 

between the 60 mm and 100 mm long cells. This suggests that hydrogen atoms 

produced in the vicinity of the filaments are quenched before diffusing to the MgF2 

windows and are not distributed uniformly along the beam path. This inhomogeneous 

distribution was also mentioned by Kawahara et al. [1997]. 
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Figure 3.7. Optical thickness dependences (a) and FWHMs (b) of the absorption 

profiles on the applied power of the filaments. White circles indicate performances for 

the 100 mm cells. Black circles indicate performances for the 60 mm cells. Triangles 

show the performances of the UVS-P (black) and those of the prototype cells of 

Kawahara et al. [1997] (white). 

 

3.5.3. Dependence on Gas Pressure 

 Figure 3.8 shows the pressure dependences of the performances with the 

Type-C filament at 1.5 W and the 100 mm cell. As the gas pressure increased, the 
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optical thickness decreased overall, but the thickness also peaked between 100 and 300 

Pa. No pressure dependence was found regarding the FWHM. Since the applied power 

was constant, the following explanation is proposed. If the gas pressure increases, the 

heat conduction from the filaments to the hydrogen gas increases as well. Then, the 

temperature of the filaments only slightly rises and therefore, the dissociation rate of the 

molecules decreases. In contrast, if the pressure decreases, the number of atoms in the 

cell decreases and the optical thickness decreases as well. 

 

 

Figure 3.8. Optical thickness dependences (a) and FWHMs (b) of the absorption 

profiles versus the H2 gas pressure. 
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3.5.4. Filament Temperature and Fraction of 

Dissociated Molecules Deduced from 

Measurement 

 Since the resistivity of tungsten depends on temperature, it is possible to 

estimate the temperature from the resistivity of a filament during heating. Therefore, the 

filament temperature can be deduced from the resistivity of a tungsten wire which is 

obtained from electric voltage and current measurements [Lide, 1994]. Figure 3.9 shows 

the relationship between the resistivity and the tungsten temperature. The red line in 

Figure 3.9 shows the result of a least-squares fitting to the experimental values indicated 

by white circles, and this function was used to derive the temperature. 
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Figure 3.9. Relationship between resistivity and the tungsten temperature. 

 

 Figure 3.10 shows the relationship between the filament temperature and the 

atomic hydrogen gas temperature derived from the measured absorption profile. The 

atomic gas temperature, 𝑇𝐻, can be deduced from the Doppler broadening, ∆𝜆, of the 

measured spectrum by the following: 
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In this equation, 𝜆0 is the center wavelength of the Lyman-alpha absorption, c is the 

speed of light, 𝑘 is the Boltzmann constant, and 𝑚𝐻 is the mass of the hydrogen atom. 

The atomic gas temperature increases linearly with filament temperature. The measured 

atomic hydrogen gas temperature was much lower than the temperature calculated for 

the filament. This observation is in good agreement with previous studies, in which the 

temperature difference between the filaments and H atoms was interpreted by 

considering that the temperatures derived from the FWHM was the average value of the 

atomic gas temperature along the beam path in the cell. 
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Figure 3.10. Relationship between the filament temperature and the atomic hydrogen 

gas temperature. 
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absorption cross section of hydrogen atoms at λ = 𝜆0 defined below as [Meier and 

Prinz, 1970]: 
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In equation (3-5), 𝑓 indicates the oscillator strength, 0.41641, for hydrogen atoms. 𝑚𝑒 

and 𝑒  denote the mass and charge of the electron, respectively. In the thermal 

dissociation equilibrium, hydrogen atoms and hydrogen molecules obey the reaction, 

𝐻2⇄2𝐻, and a fraction of the dissociated molecules, 𝛼, can be calculated as below: 

 

 
02n

nH  (3-6) 

 

where 𝑛0 is the density of hydrogen molecules which were filled into the cell in every 

measurements. Note that the 𝑛𝐻 is considered to be the averaged value along the SR 

beam path length L in the absorption cell. Figure 3.11 shows the relationship between 

the filament temperature and the fraction of dissociated molecules. A higher fraction of 

atomic hydrogen was achieved in the new cells compared to the prototype cell. In 

addition, the fraction increased gradually and was almost constant for filament 

temperatures above ~1800 K, corresponding to an applied power of ~3 W. A similar 

trend was observed in the previous study by Smith and Fite [1962] who found that the 

dissociation efficiency of H2 into H atoms on tungsten surfaces increases with an 

increasing tungsten temperature and approaches a limiting value above 2500 K. The 

optical thickness depends on filament temperature and increases with temperature. This 

is because reaction rates of dissociation and adsorption depend on the filament 

temperature, and the density of hydrogen atoms in the equilibrium state determined by 

the ratio of the rate constants that change depending on temperature. In Fig. 3.7 (a), the 

similar trend can be seen for optical thickness. After reaching the plateau, the number 

density of H atoms in the cell does not increase and is independent of the electrical 
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power. Further investigations in combination with simulations of the dissociation and 

recombination rates will be useful to understand more precisely the processes involved.  

 

 

Figure 3.11. Relationship between the fraction of dissociated molecules and the filament 

temperature. 
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3.6. Feasibility Analysis for Martian Corona 

Observations using the Absorption Cell 

 It is worthwhile to simulate temperature measurements of the Martian corona 

by using the new absorption cell developed in this study. Based on the results of this 

experiment, simulated observations were created with the imager shown in Figure 3.12. 

I assumed the following conditions. For the observational geometry, the imager can 

perform spatial scanning by orbital motion by fixing one axis of the spacecraft in 

inertial space and can image the Martian limb as shown in Figure 3.13. During nominal 

observation field-of-view (FOV), the imager was set to 25.6 × 25.6 𝑑𝑒𝑔.2 (256 ×

256 𝑏𝑖𝑛2, 0.1 𝑑𝑒𝑔./𝑏𝑖𝑛) and the acquired images were reduced to one-dimensional 

datum consisting of 256 points with 2 bytes. The sensitivity of the imager with a FOV 

of 25.6 × 0.1 𝑑𝑒𝑔2  was 12 cps/kR with consideration of the efficiencies of each 

optical component (Table 3.4). The brightness of the Martian hydrogen corona was 2 kR 

[Feldman et al., 2011] and was 4450 cts with a 180-sec exposure. This value is 

sufficient to estimate the density and temperature of the hydrogen corona.  

 The dark current noise was 10.4 cps/cm
2
 as described in Chapter 2. Assuming 

the above conditions, the result of the simulated temperature estimation is shown in 

Figure 3.14. During the error evaluation of the temperature estimation, the optical 

thickness and FWHM errors derived by fitting to experimental values were adopted as 

systematic errors. Statistical errors were also evaluated with the assumption that the 

counts followed the Poisson distribution. The sum of these errors was used as an 

estimate of the count variance errors. Difference in the transmittances increased with 

power consumption. Since the dynamic range of MCP is about 10
3
, power consumption 

should be set to 2.5 W or less in order to detect signals above a dark current noise level. 

 One of the observation datasets is shown in Table 3.5. Five images can be 

acquired by varying the filament temperature. The measurement of the Martian 

hydrogen corona temperature is possible with a high accuracy of about 30 K as shown 

in Figure 3.15. The estimated temperature error was evaluated by fitting the expected 
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brightness from the performance of the absorption cell to pseudo observational data. 

Counts errors were assumed as a normal distribution with the variance estimated as 

described above. The estimated temperature variance of the observational target was 

used as the temperature estimation error by performing 5000 numerical experiments. 

 From past observations, it has been clarified that the Martian hydrogen corona 

has two high and low temperature components [Chaufray et al., 2008]. In previous 

studies, there were ambiguities regarding the density and temperature of the hydrogen 

atoms when reproducing the observed intensity distributions in models [Chaffin et al., 

2013]. The dissipated hydrogen atoms amounts were insufficiently evaluated due to a 

scarcity of information related to the density and temperature [Clarke et al., 2014]. The 

above problems can be overcome by observing the density and temperature distributions 

simultaneously with high accuracy using an absorption cell which would allow the 

dependences of the hydrogen atom dissipation rates on solar activity and season to be 

clarified. 

 To interpret the observations of the imager, the observed intensities were 

compared with the Chamberlain model for coronal brightness [Chaufray et al., 2008; 

Clarke et al., 2014; Chaffin et al., 2015]. The best fit to the observed values was 

searched to find the exospheric density and temperature which minimized the 

chi-squared statistics as explained by Chaffin et al. [2015]. Chaufray et al. [2008] 

applied Chamberlain’s approach to the observed intensity of hydrogen Lyman-alpha 

emission obtained by the SPICAM onboard Mars Express and achieved a reasonable fit 

for the set of observations by assuming an exobase temperature of 200-250 K and a 

density of 1-4 × 10
5
 cm

-3
 in good agreement with photochemical models. Clarke et al. 

[2014] fit the model to observational results from the Hubble Space Telescope and 

reported a sudden variation in the intensity of the Martian hydrogen corona that 

decreased by 40% over 4 weeks. It was suggested that the seasonal change in the 

amount of water vapor in the lower atmosphere may have caused the variation. Chaffin 

et al. [2015] captured the first three-dimensional distribution of the Martian hydrogen 

corona using MAVEN/IUVS. Although the distribution had been hypothesized to be 

symmetrically spherical, they revealed that the distribution departed from spherical 
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symmetry at higher altitude. It is necessary to observe the Martian hydrogen corona in 

more detail. 

 

 

Figure 3.12. Schematic diagram of the new absorption cell imager. The imager consists 

of an absorption cell, an MgF2 lens, a detector (MCP + RAE), and a hood. It can be 

constructed with a weight of < 1 kg and an envelope of < 1 U. 
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Table 3.3. Specifications of the absorption cell imager 

Target Wavelength 121.6 nm (H Lyman-alpha) 

Angular Resolution 0.1 deg. 

Time Resolution 180 s 

Field of View 25.6×25.6° 

Data Format 256256 bin
2
 

Mass < 1 kg 

Size < 1 U 

Effective Area of MCP Φ25 mm 

Open Aperture 1.65 cm
2
 

Cell Diameter 25 mm 

Filament Type Type-C 

Gas Pressure in Cell 200 Pa 

 

Table 3.4. Efficiencies of each component 

Transmittance of MgF2 Lens 0.5 

Transmittance of MgF2 Window 0.1 

Quantum Efficiency of MCP 0.01 
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Figure 3.13. Geometry of the Martian corona observation. The imager can perform 

spatial scanning by orbital motion by fixing one axis of the spacecraft in inertial space 

to image the Martian limb. 

 

Table 3.5. Observation dataset  

Power [W] Exp. Time [sec] 

0 180 

1 180 

1.5 180 

1.6 180 

2.1 180 
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Figure 3.14. Simulation of the temperature measurements of planetary corona’s using 

the new Type-C absorption cell. The cause for the dip at ~1.5 W that appears in all the 

measurements of Type-C has not been clearly identified. Although these dips are 

probably artifact, further investigations are necessary.  
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Figure 3.15. Temperature estimate errors of the Martian hydrogen corona. The 

temperature can be probed with an accuracy of about 30 K. 

 

3.7. Conclusions 

 I have developed newly designed absorption cells to evaluate the dissociation 

efficiency of various tungsten filaments. The performance of the cells (optical 

thicknesses and FWHMs) was evaluated with various precursor H2 gas pressures, 

applied filament powers, and optical path lengths using the VUV-FTS installed on the 

DESIRS beamline at SOLEIL. In Table 3.6, the optimized parameters from the present 

experiments are shown. 

 

Table 3.6. Optimized parameter values for the new absorption cells 

Diameter [ m ] Power [W] Pressure [Pa] 

24.4 1-3  100-300  

 

 The present investigation has shown that the improved absorption cells have 

better performance than the previous cells. I have confirmed that the filaments should be 
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thin and that the appropriate gas pressure and applied power should be remained in the 

range of 100-300 Pa and 1-3 W, respectively. Using these parameters, I found that about 

a 4 times higher optical thickness can be achieved compared to that with the UVS-P. I 

have also demonstrated that the Doppler temperature of Martian coronas can be 

determined with an accuracy of about 30 K. 

 When the filament is turned on, the dissociative adsorption rate of hydrogen 

molecules and the desorption rate of hydrogen atoms on the filament surface in the cell 

immediately reaches an equilibrium state. Since the desorption rate is determined by the 

temperature of the filament surface and the number of adsorption sites, a large surface 

area and high-power density lead to a higher efficiency of the absorption cell. In 

consideration of the above, I fabricated shorter and/or thinner filaments than the 

previous studies and evaluated their performances, but the optimum value has not yet 

been determined. Further performance evaluations of the thinner and shorter filaments 

are needed in the near future. In addition to the filament shape, the optical length of the 

cell can also be reduced in consideration of the results of the present experiments. These 

results suggest that further miniaturization of the absorption cell can be performed. 

Through this experiment, I established a procedure for future parameter optimization. 

 In addition to the performance upgrade (improvement), the new absorption cell 

can be constructed with a weight of less than 2 kg including the analog electronics and 

in an outer envelope smaller than 2 U (1 U=100 × 100 × 100 mm
3
). Such a compact 

design can be integrated in an ultra-small satellite or explorer; therefore, I believe that 

the absorption cell technique is suitable for future ultra-small space missions. For 

example, this technique could be used for geocoronal observations by a lunar orbiter or 

the Japanese Experiment Module (JEM) in the International Space Station. Ultra-small 

satellite missions equipped with a space telescope and dedicated to the observation of 

planets (for instance the Martian corona), icy satellites, and comets [Shinnaka et al., 

2017] will also benefit from the compactness of the device. 

However, additional performance evaluations are still needed. The optimization 

is now underway for the shape of the tungsten filament and the filament-beam path 

geometry. An endurance test of the filaments and confirmations of the stability of the 
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performance should also be conducted. Calibration methods in space are also an issue 

that should be considered for future missions. The development and evaluation of a 

deuterium absorption cell are also planned. Indeed, a determination of the D/H ratio 

isotopic ratio would help for estimating the total amount of water lost since planet birth, 

combining data from comets, asteroids, and planets [Hartogh et al., 2011; Alexander et 

al., 2012; Altwegg et al., 2014].  
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Chapter 4. Concluding Remarks 

 In this thesis, I have developed the two UV instruments dedicated for 

ultra-small spacecraft missions. These approaches are expected to lead opportunity of 

future explorations to increase. 

 

Development of the ultra-small EUV imager (Chapter 2) 

 The technique of multilayer coating which enhances the reflectivity of a mirror 

utilizing interference of reflected light has been conventionally used in the planetary 

science.  

 To obtain a higher reflectivity at the wavelength of 30.4 nm than the traditional 

Mo/Si multilayer coating, the Mg/SiC coating has been developed. The Mg/SiC 

multilayer coated mirror has achieved about twice as high reflectivity as the Mo/Si 

mirror. Additionally, high stability of the reflectivity of the Mg/SiC multilayer coated 

mirror has been confirmed through the environment dependency confirmation test. After 

the estimation of the overall detection efficiency, it has been concluded that PHOENIX 

can observe the plasmasphere with temporal and spatial resolutions of < 1 hour and 0.15 

Re, respectively. These values are sufficient to discuss the behavior of plasma in the 

plasmasphere. In addition, the improvement in efficiency enabled constructing 

PHOENIX with size of 66 × 99 × 99 𝑚𝑚2, and its size is considerably smaller (< 

10%) than KAGUYA/TEX. 

 

Development of the absorption cell (Chapter 3) 

 To optimize the design of the absorption cell with smaller size and lighter 

weight for future ultra-small missions, newly improved hydrogen absorption cells have 

been manufactured and their performances have been evaluated by using the French 

synchrotron facility, SOLEIL. The optimized parameters are as follows; (1) the filament 

shape (length and diameter), (2) the applied power to the filament, and (3) the gas 

pressure enclosed in the glass cell. From the results of experiments, it was revealed that 

the thin filament, the enclosed gas pressure of 100-300 Pa, and the applied power of 1-3 
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W are required to obtain high efficiency. The new cells can be applied for planetary 

corona observations because they are small and light and operated with low power 

consumption. The new cell can measure the temperature of the Martian upper 

atmosphere with an accuracy of ~30 K and clarify dependences of hydrogen dissipation 

on the solar activity and season. Through this experiment, I established the procedure 

for future parameter optimization of absorption cell technique. 
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Appendix 

A. Calculation of Reflectivity and Transmittance 

 One of the main factors which decide the reflectivity and transmittance of the 

materials is the complex refractive index. The ideal reflectivity of materials is computed 

as follows. 

 Consider that the light enter the plane surface of the material, whose complex 

refractive index can be expressed as iii iknN  , from a vacuum medium. 

 Consider that the multilayer coating consists of N layers. The medium between 

the boundary surfaces k-1 and k is called the k-th layer, the interval is hk, and the 

refractive index thereof is nk. Assuming that the incident angle of the plane wave to the 

multilayer coating is θ0 and the incident angle at the boundary surface k of the k-th layer 

is θk, the following equation holds. 

 

 NNkk nnnn  sinsinsinsin 1100  (A-1) 

 

 The tangential component of the electric field at the interface is given by 
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kE  are the tangential component of the incident wave and the 

reflected wave, respectively. The tangential component of the magnetic field is given by 

the following equation. 
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 The phase of the tangential components of the incident wave and the reflected 

wave changed as below. 
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 At a position immediately below the boundary surface k-1, the phase is 

advanced with respect to the boundary surface k, and the phase of the boundary surface 

k is delayed. Therefore, the following equation holds. 

 

 )exp()exp( )()('

k

r

kk

i

kk iEiEE    (A-5) 

 

 The same applies to the magnetic field. The tangential components of the 

electric and magnetic fields are continuous at each interface. 
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 Following the above equations, the electric field and the magnetic field are 

described below 
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where k  is called as an effective refractive index in the case of s-polarized lights. The 

optical admittance kY  is represented below. 
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 The equation of the electric and the magnetic fields can be expressed as follows 

using the characteristic matrix kM . 
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 The same analysis can be performed for p-polarized lights and the effective 

refractive index is expressed by the following equation. 
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 Generally, in the multilayer coating composed of the N layer, the following 

formula is given. 
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 The reflectivity and the transmittance can be calculated using the characteristic 

matrix as follows. 
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