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4. 今後の予定

地球磁気圏をX線で可視化する GEO-X 衛星の検討
江副 祐一郎 (首都大)、三好 由純 (名古屋大)、笠原 慧、満田 和久、藤本 正樹、山崎 敦、長谷川 洋、
木村 智樹 (ISAS/JAXA)、大橋 隆哉、石崎 欣尚、三石 郁之 (首都大)、藤本 龍一 (金沢大)、松本 洋介 

(千葉大)、野田 篤司、西城 邦俊 (MDSG/JAXA)、他 GEO-X チーム

1. GEO-X 衛星

2. 科学目的と観測装置への要求

3. 観測装置の検討と開発
X線天文衛星 ROSAT, XMM-Newton, すざくらの活躍により、地球磁気
圏に捕捉された太陽風イオンは、地球の外層大気(ジオコロナ)と電荷交換
反応を生じ、軟X線を放射することが分かった

(目的) 世界で初めてX線を用いて、磁気圏境界面(カスプ, シース, 低緯度
境界層など)を可視化し、太陽風による磁気圏の変動の様子を理解する
=> (1) 磁気圏構造の全体像の撮像、(2) 太陽風-磁気圏相互作用の撮像

Figure 2 – Concept of the JUXTA instrument and new technologies for the telescope (Ezoe et al., 2012, Opt. Let., 37, 779) 
and detector (Strueder et al., 2010, SPIE, 7732, 7732I). 

Table 1 – Instrument parameters. 

Figure 1 – Science objectives of JUXTA (see Ezoe et al., 2013, Adv. Space Res., 51, 1605 and references therein). 

Figure 3 – JUXTA for future exploration 
missions and micro/small satellites. 
 

Item Value 
Telescope 
Energy range 
Spatial resolution 
FOV 
Effective area 
Focal length 

 
0.3-2 keV 
<5 arcmin 
4 deg φ 
3 cm2 
25 cm 

Detector 
Energy resolution 
Array size 
Pixel size 

 
<100 eV FWHM 
~2 cm x 2 cm 
~200 µm x 200 µm 

Instrument 
Mass 
Size 
Power 
Data rate 

 
~10 kg 
~25 cm x 25 cm x 25 cm 
~10 W 
~10 kbps 

 

 
 
 

項目 要求 (括弧内は想定軌道での数値) コメント

エネルギーバンド 0.3 - 2 keV ・太陽風電荷交換反応による輝線 (<~1 keV)
・太陽風イオンの衝突による検出器雑音 (>~1 keV)

空間分解能 <0.1 RE (<10 分角) •カスプとシース領域を空間分解

エネルギー分解能 <100 eV @ OVII Kα 0.6 keV •輝線を分解 & S/N 向上

時間分解能
<1 hr (>10 cm2 deg2 @ OVII 
Kα 0.6 keV)

・太陽風動圧の変化に伴うマグネトポーズの変化を検出
・磁気嵐イベントに対して ~0.1 cps @ OVII Kα 

視野 > 5 RE  x 5 RE (7° x 7°) (TBD) ・カスプやシース領域を概観

EJSM JMO JUXTA
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Doc no: EJSM-JMO-JUXTA-001
Issue: 0.0

EJSM JMO Date: August 24, 2011
Page: 33 of 55

Figure 22: (Top) Cutaway of a circular DepFET pixel device and the equivalent circuit schematics: A MOS-
FET with two gates: External and Internal Gate, while the latter can be contacted via the n-type Clear-FET.
(Bottom) Schematic interconnection of DEPMOSFET matrix pixels for row-wise readout. Row-wise connection
of Gate, Clear and Cleargate voltages provides for row addressing, and column-wise connection of the readout
nodes provides for column-parallel readout. Images and captions are taken from [29].
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衛星初期質量 ~350 kg、うち燃料 ~130 kg
搭載機器リソース ~30 kg, ~30 W
地球周回軌道 ~37±6 RE、3軸制御 (精度 <1分角/min)
データ量 ~30 kbps (主にサイエンス)

ダウンリンク時間は X-band (QPSK) 1 Mbps で 45 分/日, 
S-band で 10 hr/日, 内之浦で達成可能

JAXA MDSG 
による案

Sun

Magnetic Field

Solar Wind

Exosphere

EarthO7+

H

O6+

e- X-ray

磁気圏カスプやシース領
域では太陽風イオンの密
度が高く、ジオコロナの
密度も高いため、X線が
強く放射され、磁気圏の
撮像が可能になる

我々は世界初のX線による磁気圏撮像を目指す、小型科学衛星 GEO-X 
(GEOspace X-ray imager) の検討を2013年より本格的に開始した

(観測装置)
「軽量望遠鏡 + 撮像分光素子」
のユニット x 3 セット

検出器
ユニット

(Ezoe+13 ASR)

カスプ
シース
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SDS-4 Spacecraft Overview

�

 

50kg class
�

 

zero momentum 3-axis stabilized
�

 

Sun oriented 
�

 

SSO altitude approx. 677km
�

 

Piggyback payload of H-IIA LV   ( FY2011 )

Weight approx. 48kg
Size approx. 500�500�450 mm

Power approx. 120 W
Attitude Control Three-axis Sun-oriented

Communication 

S-band
1 Mbps (mission downlink)

16 kbps (downlink)
4 kbps (uplink)

Orbit SSO,   altitude approx. 677km 

(X線望遠鏡) 独自に考案した超軽量シリコンマイクロポアオプティクス

2013年10月　望遠鏡BBM組み立て

Al Kα 1.49 keV
全面照射

(Ezoe+10 MST, Ezoe+12 OL,
Mitsuishi+13 SA など)

(X線検出器) 低電力、高放射線耐性の半導体ピクセル検出器 (DepFET)

面積/重量比 ~1 g/cm2
(すざくの~40倍軽量)

Johannes Treis MPI Halbleiterlabor 17

Prototype Macropixel devices

Demonstrator

Z pixel 500 x 500 µm²

Z format 64 x 64 pixels

3.2 x 3.2 cm²

Z frametime 450 Psec (ASTEROID)

Z temperature -80 … -90 °C

Z representative scalable results

ピクセルサイズ：300 μm 角
アレイ：64 x 64
アレイサイズ：1.92 x 1.92 cm2

フレームタイム：1 ms
素子温度：<~-40 deg C
E分解能：<100 eV @ 0.6 keV

pixel 毎に読み出し

Bepicolombo 衛星 (2015) 搭載検出器と
基本的に同じ設計を採用する予定
質量 3.5 kg (読み出しエレキ含む)
電力 10 W 程度 (読み出しエレキ含む)

口径 100 mm
焦点距離 250 mm
視野 5°Φ
on-axis 面積 5 cm2
SΩ 10 cm2 deg2

(Majewski+13 NIM-A など)

・GEO-X は2020年頃(小型科学衛星4,5号機)の打ち上げ提案を目指す
・同時に科学目的と技術の基礎実証のため、技術実証衛星 DESTINY 
に理学機器として、装置(~10 kg, 1ユニット)の提案を行っている
・本計画で確立する軽量X線装置は、様々な探査衛星に応用可能

2010年代中盤 2018~2020年代初頭

Solar Sail

JMO

DESTINY

Johannes Treis MPI Halbleiterlabor 17

Prototype Macropixel devices

Demonstrator

Z pixel 500 x 500 µm²

Z format 64 x 64 pixels

3.2 x 3.2 cm²

Z frametime 450 Psec (ASTEROID)

Z temperature -80 … -90 °C

Z representative scalable results

地球磁気圏

2020年代中盤

基礎技術開発
木星、火星、月など

GEO-X
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SDS-4 Spacecraft Overview

�

 

50kg class
�

 

zero momentum 3-axis stabilized
�

 

Sun oriented 
�

 

SSO altitude approx. 677km
�

 

Piggyback payload of H-IIA LV   ( FY2011 )

Weight approx. 48kg
Size approx. 500�500�450 mm

Power approx. 120 W
Attitude Control Three-axis Sun-oriented

Communication 

S-band
1 Mbps (mission downlink)

16 kbps (downlink)
4 kbps (uplink)

Orbit SSO,   altitude approx. 677km 

Figure 9: The calculated grasp based on results of Figure 8 in the unit of mm2 deg2 as a function of the rms surface
roughness of the mirror for Si (black), Ni (red) and Ir (green) optics with wafer thicknesses of 300 (dashed) and 600
(solid) µm, respectively. A dot line corresponds to the requirement of JUXTA.
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望遠鏡 SΩ 計算
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GEANT4 放射線 BGD 計算

Several targets for future observations 

1: global imaging of magnetosphere 
      

 

- Field of view:   20 Re  x  20 Re 
- View points:       
               from side:  visualization of the cusp 
               from top :  visualization of KHI at the flank   
 
 

- Observations for understanding solar wind – magnetosphere interactions. 

Z 
(G

SM
) 

X (GSM) 

- Lunar orbit should be a good platform to observe global distributions. 

MHD 計算に基づくX線放射率計算

(観測シミュレータ) 高解像度 MHD シミュレーション、GEANT4 によ
る放射線 BGD 計算などを完成済み、画像・スペクトル予想を行う予定

(Miyoshi+ in prep) (Kasahara+13 PSS) (Mitsuishi+ submitted)

衛星提案
装置完成

さまざまな探査衛星へ搭載提案

the subsolar region. Clearly, a suitably instrumented space-
craft should be able to detect the cusps in soft X rays.

3.2. X-Ray Observations From Outside the
Magnetosheath

[22] Robertson and Cravens [2003] created images of
SWCX X-ray emission as would be seen from an observa-
tion point 50 RE removed from Earth. The observation point
was along the y axis perpendicular to the x-z plane, where
the x axis is directed from the Earth to the Sun. Average
solar wind conditions were used. The cusps were not
included in this earlier study. We have now created a similar
image, but for the 31 March 2001 event and including the
cusps. Figure 3 shows predicted X-ray production rates in
the GSM x-z plane (y = 0). Earth is located at the center of
the image. The axes are in units of D, which is the subsolar
distance to the magnetopause (6 RE in our case). The
resolution is 101 ! 101 pixels, which is sufficiently high
for the cusps to be evident.
[23] The cusps do not extend all the way to Earth because

in our current simulations it is impossible to identify purely

solar wind plasma close to Earth. Similar to modeled
observations made by a hypothetical X-ray detector on
IMAGE, the production rate is clearly at a maximum in
the cusp region, with a secondary maximum in the subsolar
region. In the flanks and tail region, where the solar wind
density is much lower, the production rates are significantly
lower too.
[24] Integration along each of the 101 ! 101 lines of sight

produces the image of SWCX soft X-ray emission (see
Figure 4, left side). The largest X-ray intensities are for the
cusps, followed by a secondary maximum in the subsolar
region (40% less than in the cusps). Because the lines of
sight intersect the flanks, the bowshock and the magneto-
pause are more diffuse, but can still be seen clearly. The
maximum subsolar X-ray intensity is twice the intensity that
would be seen from inside the magnetosheath due to the
geometrical effects.
[25] Robertson and Cravens [2003] showed images from

‘‘the outside’’ for a subsolar magnetopause distance of
9.5 RE (see right side of Figure 4). The upstream solar
wind density for that paper was 7 cm"3 and the speed was
400 km/s. The maximum intensity obtained for those
conditions was about 8 keV cm"2 s"1 sr"1, which was in
the subsolar region. On the other hand the maximum
predicted intensity for the subsolar region for the
31 March 2001 conditions is about 160 keV cm"2 s"1 sr"1,
which is a factor of 20 greater than the maximum values
Robertson and Cravens [2003] obtained for average solar
wind conditions. This clearly shows the time variability of
X-ray emissions produced by the SWCX mechanism as well
as the highly nonlinear response of the intensity as the
magnetopause moves closer to the Earth. This behavior is
similar to that actually observed in the low-energy neutral
atom data and simulations.
[26] Charge transfer between solar wind alpha particles

and neutral hydrogen produces He+ 30.4 nm emission
[Gruntman, 2001]. This process is essentially the same as
the soft X-ray process except that the He++ charge exchange
cross sections are more velocity dependent and somewhat
smaller than the heavier ion cross sections. The intensity
maps in Figures 2 and 4 can easily be converted to

Figure 3. X-ray production plot in the GSM x-z plane.
Earth is at (0,0). Axes are in distance to the subsolar
magnetopause (D).

Figure 4. X-ray intensities for the 31 March 2001 event, as observed from the GSM y axis 50 RE

removed from Earth (left). Units are in D, distance to the subsolar magnetopause. The right side was
modeled by Robertson and Cravens [2003] for average solar wind conditions. Note that the color scales
of the two panels differ. To convert this map to 30.4 nm emission (photons/cm2/s/sr), multiply the X-ray
intensities by 2.5 (see text for details).
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X線放射率計算
Robertson+06

②

ユニット当たり
質量 ~10 kg
電力 ~10 W
サイズ ~30 cm 角
視野 4° x 4°
構成 Φ100 mm 望遠鏡 + 
~2 cm 角検出器 >

FWHM 4分角

独 PNsensor, MPE が開発
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望遠鏡部
質量 ~5 kg
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