
太陽風プロトンの月面散乱における!
散乱角依存性の研究
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月は・・・!
• グローバルな固有磁場を持たない!

!但し局所的に磁気異常は存在!
• 濃い大気を持たない!
• レゴリスに覆われている!

!太陽風中のイオンは
月面のレゴリスと相互作用

月について

イントロダクション

しかし「かぐや」衛星以前は・・・!
月表面との相互作用はよく分かっていない!

!（月低高度での観測が殆ど無かったため）
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PACE In-flight Performance and Initial Results

Fig. 20 An example of backscattered solar wind ions. Panels (a) and (b) are omni-directional E-t spectro-
grams from IEA and IMA. The vertical scale is the energy of ions while the horizontal axis is time. The color
of each bin depicts the ion counts in each energy bin at the time of observations. IMA observed backscat-
tered solar wind ions (during the time period indicated by a horizontal blue line between panels (a) and
(b)) while IEA observed solar wind ions. The two red arrows indicate solar wind ions observed by IMA in
the polar region. Panels (c) and (d) are altitude of SELENE, magnetic field intensity and direction in the
Geocentric Solar Ecliptic (GSE) polar coordinate system. Panels (e) and (f) show the solar zenith angle and
latitudinal/longitudinal position of SELENE in the Mean Earth/Polar Axis (ME) coordinate system

ion populations are solar wind ions backscattered at the lunar surface (Saito et al. 2008b).
Instead of being perfectly absorbed by the lunar surface, about 0.1% to 1% of the inci-
dent solar wind ions were backscattered. Before showing the data, we will briefly explain
the measurement configuration of the PACE sensors shown schematically in Fig. 19. Since
ESA-S1 and IMA were installed on the spacecraft panel facing the Moon surface, ESA-S1
and IMA mostly measured electrons and ions propagating away from the Moon. On the
other hand, ESA-S2 and IEA which were installed on the opposite spacecraft panel mostly
measured electrons and ions going towards the Moon. Note that solar wind ions were de-
tected by IEA or IMA depending on the position of the spacecraft. While IEA measured
solar wind ions on the dayside, IMA measured solar wind ions near the day-night termi-
nator line. Figure 20 shows an example of the backscattered ions (during the time period
indicated by a horizontal blue line between panels (a) and (b)). The backscattered ions had
lower energy than the incident solar wind ions since part of the energy was lost when so-
lar wind ions collided with the Moon. Although the solar wind consists of alpha particles
as a second major component, it was found that the backscattered ions consisted of almost
no alpha particles (Saito et al. 2008b). The upper limit of the alpha particle flux was 0.1%
of the backscattered proton flux. We also found a relationship between the lowest energy
end of the backscattered ions and the latitude where the backscattered solar wind ions were
observed. While the maximum energy of these ions was constant at slightly lower than the
solar wind proton energy, the width of the energy distribution varied gradually, so that the
minimum energy was larger at high latitudes than at the equator. Since the detail of the solar
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月周辺のプラズマ環境（「かぐや」衛星以後）

月面IEA
IMA太陽風

太陽風
散乱プロトン

月周回衛星「かぐや」!
• ~",,-.高度の極軌道!
• %軸姿勢制御!
• 周期$時間

イントロダクション

[Saito et al., 2008; Saito et al., 2010]

月面散乱イオン

月周回衛星「かぐや」による観測例：１周回!
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" 本研究では!
「かぐや」衛星の観測データを用いてプロトンの散乱角
度分布を明らかにする!
#  入射角と出射角の関係：鏡面散乱か？
#  地形の違いによる散乱への影響
#  モデル計算との比較による理解

月：濃い大気やグローバルな固有磁場をもたない天体!

「かぐや」衛星の月周辺プラズマ観測：!
!天体固体表面と太陽風との相互作用の理解へ!

本研究の位置づけ

イントロダクション
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at the entrance of the LEF TOF mass analyzer, which gen-
erates start electrons when the ions pass through the carbon
foil. The start electrons are accelerated by the electric field
inside the mass analyzer and their positions are detected
by one-dimensional circular resistive anode that is placed
behind the MCP. These start electrons also generate start
signals when they pass through a grid anode that is placed
between the position-sensitive anode and the MCP. Most
of the ions that pass though the carbon foil lose their ini-
tial charge state and enter into the mass analyzer as neu-
tral particles. These neutral particles are detected by an
anode that is in the center of the position-sensitive anode.
These signals are used as stop signals. The mass/charge of
the incident ions can be calculated from its energy/charge
and the time of flight. The relation between the time of
flight t and the mass/charge m/q for neutral particles is ex-
pressed as m/q = 2/L2(E/q + Vacc)t2, where L is the
flight path length of the neutral particles, and Vacc is the
post-acceleration voltage. Some of the incident ions enter
the time-of-flight section as ions. These ions are reflected
by the linear electric field whose intensity is proportional
to the distance from the entrance point. The reflected ions
generate secondary electrons when they collide with the
top part of the mass analyzer. These electrons are accel-
erated and detected by the center anode, a process which
generates stop signals. The relation between the time of
flight t and the mass/charge m/q for ions is expressed as
m/q = t2/π2a, where a is the linear electric field gradi-
ent. Since time of flight of the reflected ions is proportional
to the square root of the ion mass, the mass of the incident
ions can be determined precisely without being affected by
the angular scattering and the energy degradation caused by
the ion passage in the carbon foil (McComas and Nordholt,
1990; Yokota et al., 2005). For the ions, the time-of-flight
section of IMA acts as the so-called “isochronous time-of-
flight”. With this design of LEF-TOF mass spectrometer,
the center anode detects both neutrals (direct time-of-flight)
and secondary electrons from the top part of the mass an-
alyzer, generated by ions (isochronous time-of-flight). We
have measured the time profile of several ion species by
injecting those ions into the IMA. Each ion species has
its own characteristic TOF profile, including neutral peak,
ion peak, and/or negative ion peak (Yokota et al., 2005).
Since some of these TOF profile overlap with each other,
we will have to use a deconvolution tool made by using cal-
ibration data of TOF profiles in order to determine the mass
of measured ions if a number of species exist simultane-
ously (Yokota et al., 2005). Tables 3 and 4 summarize the
specifications of IMA and IEA, respectively.

4. Instrument Calibration
We have calibrated the PACE sensors by putting the sen-

sors in a vacuum chamber one by one and injecting nitro-
gen ions. In order to calibrate IMA, we have also used hy-
drogen, helium, carbon, oxygen, and heavier ions such as
sodium and chlorine to obtain the time profile of the TOF
analyzed ions. Figure 4 shows the schematic configuration
of the calibration experiment. The sensor under calibration
is installed on a rotation table that has a rotation axis parallel
to the sensor’s axis of rotational symmetry. The rotation ta-

Fig. 2. Cross section of IMA.
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Fig. 3. Cross section of IEA.

ble with the sensor under calibration is installed on another
rotation table that has a rotation axis perpendicular to the
other rotation axis. The ion beam profile is intermittently
monitored by an MCP with a position-sensitive anode that
is installed on a movable arm. Most of the data are obtained
using 6-keV ion beams since the beam profile is uniform
and stable. Lower energy ions (2 keV) are used to measure
the performance of the geometrical factor controlling elec-
trode. An analysis of the obtained data confirmed that the
PACE sensors are assembled within the mechanical toler-
ance (<0.1 mm) and that their characteristics are quite sim-
ilar to the numerically calculated results. The homogene-

解析方法!
&/(のデータを用いる　0　エネルギー、飛来方向!
イオンの飛来方向の情報　0　入射角、出射角!

解析に用いる観測日の条件!
• 磁気異常が無いか非常に弱い領域!
• 太陽直下点を通る、もしくは可能な限り近い軌道!

• 解析"：地形的に平らである領域!
• 解析$：起伏に富んだ領域!

解析方法及び解析日の条件

解析 5

IEA
IMA太陽風

太陽風
散乱プロトン

エネルギーレンジ!
!1234)56~$72-34)56!

視野!
!$829:;6

月面

粒子軌道と月面との交点

! 

m dv
dt

= q(E + v " B)

運動方程式に基づき、月面までバックトレース!
月面上での月面の法線ベクトルと出射ベクトルを定義!

月面の法線ベクトル：n

太陽風電場

出射ベクトル：Vout

IMA

&/(（&<(）!
• エネルギー!
• 装置への入射方向!
=/(>（月磁場観測器）!
• !観測高度の磁場

解析方法の詳細

解析 6

IEA

7

!in

n

月面

IMA"

!out

+!out-!out

#out
Xsurface

Ysurface

角度定義

解析

背面方向 前面方向

入射ベクトル 出射ベクトル

IMA

太陽風

散乱プロトン

8

予想される解析結果

解析

mode:normal specular
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IMA L2 DATA 20090316 01PASS 025712-034040 Total Energy Flux [keV / cm2 s str]
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ENERGY FLUX"
[keV/cm2 s str]"背面方向

前面方向

!in

n

!out

+!out-!out

特徴：!
• 背面方向に多く出射!
• 僅かに前面方向にも出射!

解析結果1：!out角度分布

解析
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背面方向
ENERGY FLUX"
[keV/cm2 s str]"

解析結果1："out角度分布

解析

mode:normal specular
Vx:-4.50e+05 Vy:0.00e+00 Vz:0.00e+00
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特徴：!
• 入射角が小：広く分布!
• 入射角が大：背面方向を中心に
出射!

＊角度分布は$つのピークがある!
!!背面出射、前面出射!

＊背面方向に最も出射しやすい!

n

背面出射

n

月面

散乱プロトン

太陽風プロトン

散乱コーン

月面

前面出射

解析の纏め

解析 11

IMA L2 DATA 20090316 01PASS 025712-034040 Total Energy Flux [keV / cm2 s str]
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この傾向は地形の影響を受けるか？
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解析2
解析

解析に用いる観測日の条件!
• 磁気異常が無いか非常に弱い領域!
• 太陽直下点を通る、もしくは可能な限り近い軌道!

• 解析"：地形的に平らである領域!
• 解析$：起伏に富んだ領域!



IMA L2 DATA 20090417 07PASS 131736-140016 Total Energy Flux [keV / cm2 s str]
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特徴：!
• 地形的に起伏があっても解析結果"と殆ど同様の分布を示す。!

解析結果2：!out、"out角度分布

解析 13

背面方向

前面方向

背面方向

仮定!
•  微視的なレゴリス表面は様々な方向を向いている!
•  レゴリス表面では全て鏡面散乱する!

月面散乱モデルの考察

解析 14

仮定!
•  月面は平らである!
•  表面では全て鏡面散乱する!

?
太陽風プロトン

レゴリス表面

?

面積'

太陽風を受ける
実効面積

!
Scos!

S

散乱プロトン

月面

n

月面! 

m dv
dt

= q(E + v " B)

n：cos分布

出射ベクトル：Vout

入射ベクトル：Vin

月面

テスト粒子計算の詳細

解析 15

計算手順!
ステップ１：プロトンが月面に入射す

! ! !るまで計算!
ステップ２：?を@A9分布で決定!
ステップ３：?に対して鏡面反射の方

! ! !向を中心に@A9分布で出射
! ! !ベクトルを決定!

ステップ４：衛星高度まで計算
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テスト粒子計算の結果

解析 16
mode:cosine specular-cosine
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上：テスト粒子計算!

下：観測結果



纏め 17

#  出射角とエネルギーの関係
#  誤差評価

"  Future work 

「かぐや」衛星の観測データを用いてプロトンの散乱角度
分布を明らかにする!
#  入射角と出射角の関係
月面散乱には2成分ある（背面出射、前面出射）
背面出射が主である

!単純な鏡面散乱では理解できない
#  地形の違いによる散乱への影響
地形に起伏が存在しても大きく変化しない

!月面散乱は微視的な部分で決まっている
#  モデル計算との比較による理解
レゴリスを考慮したモデルで観測を説明できる
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