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巨大惑星の軌道移動?

Gomes et al. [2005]

後期重爆撃期
天体衝突の増加
揮発性物質供給

重爆撃期

巨大衝突

円盤温度円盤組成

始原的天体 or 分化天体
高温 or 低温

月のバルク組成
同位体組成

揮発性元素量

衝突盆地年代
衝突頻度増加の

有無・タイミング

目標1：地球-月系の形成条件の制約 目標2：太陽系初期の天体衝突史の復元

原始惑星系円盤

現在

太陽系の初期進化の解明



目標１：地球-月系の形成条件
これまでの月バルク組成の常識は揺らいでいる

端成分組成，構造(それぞれの体積)に大きなモデル依存・複雑な分化過程
à 揮発性元素量，難揮発性元素量，鉄量など ~2倍程度の不確定性

マグマオーシャン(LMO)から直接固化した始原的地殻岩をサンプルリターン
à マグマオーシャンの初生値をより直接的に決定 à εNd初生値，揮発性元素量，

… 地殻形成時の同位体初生値(εNd値)

始原性を残した
古いサンプルが
ないため不明
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Figure 3 |Water contents in LMO products and mantle sources of basalts
through time. Model ages are used for primary magma ocean products12,13

and isochron ages for the basalts (Supplementary Table S2). Water
contents of the initial magma ocean (LMO), the first crystallized olivine
cumulate (first Ol), co-crystallized pyroxene cumulate (cxt Px) and
urKREEP were estimated from the water content measured in FAN
plagioclases. The black dashed line from LMO to urKREEP shows the water
content evolution in magma ocean residua. The water contents of mantle
sources with isochron ages <4.0 Gyr were calculated assuming 20%
(green) or 3% partial melting (purple; Supplementary Table S2).

Earth’s primitive mantle28 (Fig. 3). This implies that the LMO
crystallization products could have spanned a wide range of water
contents, from <1 ppm to ⇠1.4 wt% (Fig. 3). After the LMO
solidification, these materials are thought to have undergone
gravitational overturn driven by density difference29. Overturned
lunar cumulate mantle provided the source regions for mare
basalts12,29. Even assuming 20% of partial melting of the source
regions of mare basalts in which water was detected5–9, calculated
water contents of their source regions are still well within the range
of those we calculated for the primary magma ocean products
inferred fromwater content in plagioclase fromFANs (Fig. 3).

Even a small amount of water can change the liquid line of
descent of melt and suppress crystallization of plagioclase relative
to olivine and clinopyroxene, such as in mid-ocean ridge basalts15.
Therefore, the amount of water we calculated could affect the
LMO crystallization dynamics, especially for the last few tens
of volume per cent of magma ocean residuum. The depression
of the liquidus due to increased water contents would also
prolong the crystallization of the LMO and potentially explain an
extraordinarily young age (4,360± 3Myr) for FAN 60025 (ref. 30)
in the framework of a magma oceanmodel. Note that an alternative
explanation of the young age has been suggested by challenging the
existence of a global magma ocean30. Even if the latter argument is
correct, the measured water concentration in plagioclase can still
be used to infer water contents of parental magmas of cumulates
that formed the earliest lunar crust. Moreover, the relatively high
abundance of water (⇠1.4 wt%) in urKREEP can significantly
change its physical properties, such as lowering density16 and
viscosity17, which could affect the dynamics of magma ocean
cumulate overturn29. In summary, the variable amounts of water
in urKREEP and earlier cumulates (Fig. 3) could play a critical
role on the genesis of lunar basalts, in which indigenous water has
been recently discovered5–9, in a similar way to the role of water in
terrestrial oceanic mantle melting regimes14.

Intrinsic water was also detected in plagioclase of troctolite
76535,164 (Fig. 4 and Supplementary Fig. S3). The minimum
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Figure 4 | Representative polarized FTIR spectra of troctolite 76535,164.
a,b, Spectra of plagioclase (a) and olivine (b) at two mutually perpendicular
orientations (Ext1 and Ext2) are normalized to 1 mm and shifted vertically
for comparison. The dashed line indicates the baseline position used to
calculate water concentrations (see Supplementary Information S2). No
obvious OH bands are observed in the spectra taken with orientation Ext1
of plagioclase or in any of the olivine spectra. The narrow peaks between
3,000 and 2,800 cm�1 most probably come from organic contamination
on the mineral surface during sample preparation22,23.

water contents vary from 0.8 to 2.7 ppm (Pl1 of 76535,164)
(Supplementary Table S1). No O–H absorption band has been
observed in a 1.055-mm-thick olivine from this troctolite (Fig. 4),
implying a H2O content of <1 ppm. The fact that plagioclase is
more hydrous than olivine is consistent with the H2O partition
coefficient between olivine and melt being smaller than that
between plagioclase and melt25,27. The minimum whole-rock water
content of troctolite 76535 is ⇠2 ppm on the basis of its mineral
modal abundance, which is lower than that calculated for the initial
magma ocean from our FAN data.

The presence of indigenous water in FAN and troctolite suggests
that the highland upper crust is not anhydrous. Considering the
distributions of two major lithologies (FAN and Mg suite) in the
highland upper crust20 and assuming that the results for 60015
(⇠6 ppm) and 76535 (⇠2 ppm) are representative of FANs and
the Mg suite, respectively, the upper crust may contain ⇠4 ppm
of indigenous water. Incidentally, trace amounts of water/hydroxyl
have been detected in the lunar highlands surface by various
spacecrafts, although lack of hydroxyl reflectance calibration meant
that it could not be quantified3. Hence, another implication of
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月試料の含水量 [Hui et al. 2013]
アポロ試料から推定．

FAN plの含水量から
推定したLMO含水量

始原地殻物質
斜長石，トラップされた液相
にLMOの組成情報を残す

年代はモデル年代

月の原材料à 始原天体 vs 分化天体
月が地球由来か衝突天体由来かがわかる

揮発性元素の枯渇
à 高温ディスク vs 低温ディスク
à 単一巨大衝突 vs 複数中規模衝突 3

この年代範囲の試料が望まれる

始原天体

分化天体

含
水

量
[p

pm
]
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l かぐや高解像度画像から純粋斜長岩体を発見 [Ohtake et al. 2009; Yamamoto et al. 2012]

l 全球的に分布àマグマオーシャンからの直接生成物 [Piskorz & Stevenson 2014]

• 起源情報を持った試料
• アポロ試料/月隕石(転石)とは質的に異なる

l 新鮮露頭または露頭から比較的最近崩落した岩体をターゲットとすることで
表層での角礫化の影響が小さい試料を回収可能

àマグマオーシャンを起源とする
始原地殻岩のサンプルリターン

かぐや分光データから発見された純粋斜長岩の分布 [Ohtake et al. 2009]

純粋斜長岩

目標１：地球-月系の形成条件
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• 月面の衝突盆地 46個発見されている
• 層序関係・クレータ数密度から相対的な年代は

決まっている
• 最も若い盆地の一つであるImbrium盆地は38.5

億年 [Stöffler & Ryder 2001]
• “古典的”後期重爆撃期モデルでは，短期間に

全ての衝突盆地が形成されたとされてきたが，
近年はNectaris盆地以降に穏やかな衝突ピークが
あった可能性が指摘されている

地質年代区分に用いられるNectaris (Ne) 盆地と最も
古いSPA 盆地の形成年代が鍵

Nectaris
South Pole-Aitken 

(SPA)

Near Far

表面年代とクレータ数密度の関係à

(A) Ne ~41億年, SPA ~42.5億年
à 指数関数的減少

(B) Ne ~39.5億年, SPA ~42.5億年
à 穏やかな衝突ピーク

(C) Ne ~38.5億年, SPA ~39億年
à 大規模衝突ピーク

(“古典的”後期重爆撃期仮説)

Nectarisの年代から後期重爆撃
があったか否かが決着する

(A) 衝突頻度の指数関数的減少 (B) 穏やかな衝突頻度のピーク (C) 後期重爆撃期モデル

目標２：太陽系初期衝突史



月面SRの課題
l アポロ試料・嫦娥試料：>39億年前の年代を持つ岩片は発見されているが転石であった
à地形との対応関係が不明であり，地殻・衝突盆地の形成の年代を表しているか不明

l 表層での天体衝突による他種混合
à始原的情報が失われている
à地質調査の訓練を受けた宇宙飛行士でも目視観察で始原的岩石の選別は困難

冥王代岩盤の露出領域の探査：降りたい場所に降りる (SLIMの有効活用)
始原的岩石を選別するためのその場分析装置：取りたい試料を取る

45 39 30 20 10 0年代 (億年前)

地球‒月系の形成

月の地質史 地殻-マントルの形成 (月の形成の記録)
巨大天体衝突 (太陽系の初期進化の記録)

月の海の形成
マグマ活動 (月進化の記録)

アポロ計画
月の海の領域・クレータを調査

月の表側

月の裏側

嫦娥5号
表側の若い海を調査

嫦娥6号
裏側の海を調査

日本のSRが目指す科学

極域と低中緯度で最初期に
作られた地殻岩石・衝突溶
融岩の調査

地球‒月系の起源
太陽系初期の天体衝突史
の解明 かぐやデータ解析によると

約24億年前のマグマ活動領域

6

が必要



月面SR探査の海外動向

~2025 2026 2027 2028 2029 2030~

Artemis III
有人による月極域
からの試料帰還

Artemis IV
有人による月極域
からの試料帰還

嫦娥5号
(2020)

月表側海領域から
の試料帰還

嫦娥6号
(2024)

世界初の月裏側
からの試料帰還

嫦娥8号
月極域開発に
向けた探査

8
Chandrayaan-3

(2023)
世界初の高緯度着陸

Chandrayaan-4
C-3着陸点近傍からの

試料帰還

嫦娥7号
月極域開発に
向けた探査

Luna-27
月極域探査

与圧ローバ
有人による月極域
からの試料採取

SLIM
(2024)
世界初の

ピンポイント着陸

LUPEX
(2025以降)

月極域での
水の直接計測

Luna-28
月極域からの

試料帰還

極域高精度
着陸探査
月極域での

本格的地質調査

サンプル
リターン探査

アルテミス計画

中国をはじめ各国がサンプルリターンを計画
無人探査においてはレゴリス試料，有人探査においても試料選別技術は未実証
à 始原的岩石試料をその場選別するための分析技術の確立を目指す

SPARX
(時期未定)

SPA内部からの試料採取・
有人により帰還



A LASER-INDUCED BREAKDOWN SPECTROSCOPY (LIBS) PACKAGE FOR THE PRESSURIZED 
ROVER.  
Y. Cho1, T. Morota1, K. Yoshioka1, K. Yumoto2,3, Y. Nakauchi4, H. Nagaoka4, H. Tabata2, H. Hyuga1, K. Yogata2, T. 
Mizuno2, M. Aida2, R. Miyazaki2, S. Kameda5, T. Taira6, and S. Sugita1. 1The University of Tokyo (cho@eps.s.u-
tokyo.ac.jp), 2Japan Aerospace eXploration Agency (JAXA), 3Paris Observatory, 4Ritsumeikan University, 5Rikkyo 
University, 6Institute for Molecular Science (IMS). 

 
Introduction:  Lunar polar volatiles, including H₂O, 
may preserve ancient volatile components delivered by 
cometary or asteroidal impacts or released from the 
lunar interior. Understanding the characteristics, origins, 
and distribution of these volatiles, as well as their 
interactions with both surface and subsurface regolith, 
is essential for scientific exploration and in-situ resource 
utilization. Multiple missions, such as NASA’s Artemis, 
JAXA’s LUPEX, and the Pressurized Rover (PR), are 
planned for the lunar south pole with the objectives of 
locating volatiles, quantifying their abundances, 
estimating their sources, and understanding trapping 
and loss mechanisms [e.g., 1]. Water vapor is expected 
to migrate horizontally from sunlit areas to shadowed 
regions as the Moon rotates, while temperature-driven 
pumping effects may facilitate its vertical transport [2]. 
Time- and space-resolved in-situ measurements of 
volatiles are therefore highly valuable. In addition, it is 
important to determine whether water correlates with 
specific rock types, minerals, or physical conditions 
(e.g., intact rock versus regolith) for accurate reservoir 
characterization.  

Furthermore, the south pole, where the PR will 
explore, is located only several hundred kilometers from 
moderately high-K areas and gabbronoritic lithologies 
of the South Pole–Aitken (SPA) basin [3]. This 
proximity implies that recent ejecta from these areas 
may have reached the south pole, where the PR conducts 
its exploration. The region also contains large craters 
such as Shackleton and Shoemaker, resulting in 
complex local stratigraphy and topography. Detailed 
geochemical analysis along the PR traverse is therefore 
essential to quantify fragment concentrations and 
identify geologic endmembers, which are key to 
understanding impact-driven mixing processes and the 
evolution of the lunar crust. Once the PR enters the SPA 
basin during Phase-2 explorations, monitoring the 
geochemical compositions and their diversity becomes 
particularly important. 

LIBS Instrument Concept:  A dedicated LIBS 
package has been developed to perform the in-situ 
measurements required to address these scientific 
objectives. The system integrates a laser, spectrometer, 
remote context imager, autofocusing mechanism, 
scanning mirror, and FPGA-based electronics within a 
self-contained unit (Fig. 1). The gimbal-mounted 
scanning mirror at the laser outlet provides autonomous 

scanning in both elevation and azimuth, enabling 
precise targeting of laser spots. The LIBS instrument, 
whether operated manually or autonomously, focuses 
on target samples located up to several meters away 
based on image data acquired with the remote context 
imager, and then conducts laser ablation analyses. 
Analysis of single laser spot involves 100 successive 
shots and is completed in less than 1 minute. Thus, the 
LIBS instrument collects both geochemical and 
physical information of the target soil or rocks promptly 
and remotely, with the vehicle pausing briefly during 
analysis. The work area for the laser is approximately a 
10 m × 150° fan-shaped region in front of the package, 
with specifics depending on the actual configuration. 
The notional design of the LIBS package is a 24U unit 
weighing 7 kg, to be mounted on an external payload 
bay of the PR [4]. Its mechanical, thermal, and electrical 
interfaces will be designed to comply with the PR 
specifications.  

Capabilities of LIBS for Elemental Analysis:  The 
LIBS instrument offers several analytical capabilities 
that address the scientific objectives of lunar exploration. 
It is capable of quantitative hydrogen analysis alongside 
measurements of rock-forming elements. Our previous 
studies indicate that, using partial least squares models, 
hydrogen detection achieves a relative error of 
approximately 20%; with refined calibration, detection 
limits can reach below 0.1 wt% H₂O with a median 
relative error of approximately 10% [5]. LIBS also 
provides depth-resolved analysis by ablating the sample 
surface with successive laser pulses. Experiments with 
a lunar regolith simulant (density ~1.37 g/cm³) show 
that 100 pulses can remove about 5 mm of surface 
material, while 500 pulses under vacuum conditions can 

 
Fig. 1. Notional design of the LIBS package. W 300 × 
D 400 × H 200 mm. 
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月面その場観測機器の開発
n 月惑星表面の地質調査と試料選別のためのその場分析技術の確立
n SLIM，LUPEX，MMXのヘリテージを活かしつつ，新規性の高い月面観測装置群

Ø 将来の月利用を目指した水・鉱物資源探査，環境調査とも高い親和性
Ø 火星表面探査においても主軸となる技術
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⾲ 3.8  LIBS⿦⨨ㅖ元 
㡯┠   ㅖ元 備⪃ 

寸法 LIBS-Box 340 × 240 × 120 mm   
  Scan mirror 210 × 170 × 110 mm   
㉁㔞 LIBS-Box 5 kg I/F 板䠈䜹䝞䞊䠈䜶䝺䜻䠈䝣

䜯䝇䝘等㎸ 
  Scan mirror 1 kg   
消㈝㟁力   15 W 䝨䝹䝏䜵䛻䜘䜛冷却䜢㝖䛟䠊 
        
発生䝕䞊䝍㔞   11 MB (1ヨ料 5点当䛯䜚)   
搭㍕方法䛾制約   光学系出射口䛛䜙地⾲䜎

䛷䛾㊥㞳䛿 1-3 m 
  

 
[2] ラマン分光ჾ 
岩石䛾㖔物組成䜢元素組成䛾䜏䛛䜙決定䛩䜛䛣䛸䛿一⯡䛻㞴䛧䛔䠊䜎䛯䠈⾪突溶⼥岩䛷䛒䜛䛣䛸䛾判

定䜒元素情報䛾䜏䛛䜙䛷䛿困㞴䛷䛒䜛䠊䛭䛣䛷䠈㖔物䜔結晶構㐀䛾情報䜢得䜙䜜䜛測定法䛜有用䛸䛺䜛䠊

䝷䝬䞁分光法䛿䠈ィ測対㇟䛻䝺䞊䝄䜢照射䛧䠈散乱光䛾波㛗䛪䜜㔞(䝷䝬䞁䝅䝣䝖)䛛䜙構成㖔物䜢同定
䛩䜛手法䛷䠈岩石䛻含䜎䜜䜛㖔物種䠈有機物䠈氷䛺䛹䜢同定䛩䜛䛣䛸䛜䛷䛝䜛䠊䜎䛯㖔物䛜経㦂䛧䛯⾪撃

度䛻䜘䛳䛶䠈䛭䛾㖔物䛻特徴的䛺䝷䝬䞁䝢䞊䜽䛾幅䛜異䛺䜛䛣䛸䛜䜰䝫䝻ヨ料䛾地上分析䛛䜙分䛛䛳䛶䛔

䜛 4)䠈月㠃䝃䞁䝥䝹䝸䝍䞊䞁䛸䛭䛾先⾜無人探査䛷䛿䠈次㡯䛾㏆㉥外分光䜹䝯䝷䛸協ㄪ䛧䛴䛴䠈㖔物種䛸䜲

䞁䝟䜽䝖䝯䝹䝖䛾同定䜢目指䛩䠊 
䝷䝬䞁分光⿦⨨䛿䠈SR 䝏䞊䝮䝯䞁䝞䛜 MMX䝻䞊䝞䛾䛯䜑䛻䝗䜲䝒 DLR䛚䜘䜃䝇䝨䜲䞁 INTA䛸共同

㛤発䛧䛯䝷䝬䞁分光器(Raman Spectrometer for MMX, RAX)䛾䝦䝸䝔䞊䝆䜢活用䛩䜛(図 3.27)䠊RAX䛿
䝷䝬䞁散乱光励㉳用䛾 CW䝺䞊䝄䝰䝆䝳䞊䝹(波㛗 532 nm)䛸分光器䝰䝆䝳䞊䝹(波㛗範囲 532~680 nm; 
䝷䝬䞁䝅䝣䝖 100-4000 cm-1䛻相当)か䜙構成䛥䜜䠈両⪅䛿光䝣䜯䜲䝞䛷接⥆䛥䜜䜛䠊幾䛴䛛䛾地㉁ヨ料䛻
対䛧䛶 BBM䜢使䛳䛶得䜙䜜䛯䝷䝬䞁䝇䝨䜽䝖䝹䜢 図 3.28䛻示䛩䠊 

RAX全体䛾大䛝䛥䛿, 䝺䞊䝄䝰䝆䝳䞊䝹䛜 61×51×19 mm, 分光器䝰䝆䝳䞊䝹䛜 105×98×83 mm䛷䠈
合ィ㔜㔞䛿 1.5 kg䛷䛒䜛䠊日本䛸䝗䜲䝒DLR䛜分光器䝰䝆䝳䞊䝹䜢䠈䝇䝨䜲䞁 INTA䛜䝺䞊䝄䝰䝆䝳䞊䝹
䜢分担䛧䛶㛤発䛧䛯䠊日本側䛿微弱䛺䝷䝬䞁散乱光䜢㞟䜑䜛㞟光䝺䞁䝈䛸䠈䛭䛾䝺䞁䝈䜢移動䛥䛫䛶䝺䞊

䝄䛾䝢䞁䝖䜢ヨ料䛻合䜟䛫䜛焦点ㄪ節機構(Autofocusing Subsystem, AFS)䜢㛤発䛧䛯䠊䝺䞁䝈先端䛛䜙䛾
対物㊥㞳䛿 78 mm, 移動可⬟㊥㞳䛿 14 mm䛷䛒䜛䠊既䛻䝣䝷䜲䝖䝰䝕䝹䛾㛤発䜢完了䛧䛶䛚䜚䠈熱真空
槽内㒊䛷䛾䝷䝬䞁䝇䝨䜽䝖䝹取得ヨ㦂䜒完了䛧䛶䛔䜛䠊月㠃探査機䜈䛾搭㍕形態䛸䛧䛶䠈䝻䝪䝑䝖䜰䞊䝮䛾

先端䜈取䜚付䛡䛶ヨ料䛻接㏆䛥䛫䜛方式䜔䠈䝻䞊䝞内㒊䛻タ⨨䛧䛶䝻䞊䝞下㠃䛛䜙地⾲䜈䝺䞊䝄䜢照射

䛩䜛方式䜢検ウ䛧䛶䛔䜛䠊 

 
図 3.27  䝷䝬䞁分光器䛾䝤䝻䝑䜽図䛸写真 ラマン分光計 (MMX)

顕微分光カメラ

LIBS (レーザー誘起元素分析装置)
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[4] ◊削ᶵᵓ 
研削機構䛿䠈㏆㉥外㢧微分光䜹䝯䝷䛻䜘䜛岩石⤌⧊ほ察䛾䛯䜑䠈岩石⾲㠃䜢研削䛧内㒊⤌⧊䜢㟢出

䛥䛫䜛理学ほ測⿵助機構䛷䛒䜛䠊研削機構䛿䝻䞊䝞䞊䛾先端䛻㏆㉥外㢧微分光䜹䝯䝷䛸䛸䜒䛻搭㍕䛥䜜䠈

䛭䜜䛮䜜䛿䝒䞊䝹䝏䜵䞁䝆䝱䞊䛺䛹䜢使䛳䛶岩石㠃䜈正対䛥䛫䜛䠊研削䛻䛿䝯䝍䝹䝬䜴䞁䝖䛥䜜䛯䝎䜲䝲

䝰䞁䝗䜔立方晶窒化䝩䜴⣲䜢用䛔䛯砥石䛾利用䜢検ウ䛧䛶䛔䜛䠊研削直径䛿 20 mm 程度䛸䛧䠈㏆㉥外
㢧微分光䜹䝯䝷䛾 FOV 䜘䜚十分大䛝䛟タ定䛥䜜䜛䠊研削後䛾㠃⢭度䛻䛴䛔䛶䛿䠈㏆㉥外㢧微分光䜹䝯
䝷䛾ほ測䝕䞊䝍ホ価䜢含䜑䛶今後検ウ䛜必せ䛷䛒䜛䠊䜎䛯䠈研削砥石䛾最㐺化䠈研削機構䛾機構タィ

ヲ⣽化䛻䛴䛔䛶䛿䠈今後䛾 FL䜔䜲䝜䝧䞊䝅䝵䞁䝝䝤研究䛺䛹䜢㏻䛧䛶実施䛩䜛ィ画䛷䛒䜛䠊 
 

 
図 3.30  実㦂䛻利用䛧䛯研削砥石 

左䠅䝯䝍䝹䝬䜴䞁䝖䛥䜜䛯䝎䜲䝲䝰䞁䝗砥石䠈右䠅方晶窒化䝩䜴⣲䜢用䛔䛯砥石 

 
[5] 広域ほ 分光カメラ 
広域ほ測可ど䞉㏆㉥外分光䜹䝯䝷䛿䠈月⾲㠃䛾䝺䝂䝸䝇䛚䜘䜃岩石䛛䜙䛾太㝧光反射光䜢分光測定䛩

䜛理学ほ測機器䛷䛒䜛䠊可ど䞉㏆㉥外波㛗域䛾反射光䝇䝨䜽䝖䝹䛻䛿䠈物㉁固有䛾䝇䝨䜽䝖䝹形状䛜ぢ䜙

䜜䠈㖔物䜔岩石等䛾䝇䝨䜽䝖䝹䝕䞊䝍䝧䞊䝇䛸照合䛩䜛䛣䛸䛻䜘䜚ほ測対㇟䛻含䜎䜜䜛㖔物䛾㔞比䜔化学

⤌成䛾推定䛜可⬟䛷䛒䜛䠊月㠃䝃䞁䝥䝹䝸䝍䞊䞁探査䛷䛿䠈着㝣㡿域周㎶䜢広域䛻可ど䞉㏆㉥外波㛗域

䛷分光ほ測䛧周囲䛾地形䛸反射䝇䝨䜽䝖䝹情報䜢一⮴䛥䛫䠈㖔物⤌成䜔化学⤌成推定䜢実施䛩䜛䛣䛸䛷䠈

䝃䞁䝥䝹採取地点䛾決定䜢⾜䛖䠊䜎䛯䠈採取䛥䜜䛯䝸䝍䞊䞁䝃䞁䝥䝹䛸着㝣地点周㎶環境䛾

GroundTruth䝕䞊䝍䜢取得䛩䜛役割䜒担䛖䠊 
本分光䜹䝯䝷䛿䠈二次元䜲䝯䞊䝆䛸㞳散䝇䝨䜽䝖䝹䛜同時䛻取得可⬟䛺分光方式䛷䛒䜛䠈䝬䝹䝏䝞䞁䝗

方式䜢採用䛩䜛䠊本手法䛿䛣䜜䜎䛷䛾惑星探査䛻䛚䛔䛶䜒多用䛥䜜䛶䛚䜚䠈我䛜国䛸䛧䛶䜒十分䛺䝦䝸䝔

䞊䝆䜢有䛩䜛䠊特䛻䠈小型月着㝣探査機 SLIM䛻搭㍕䛥䜜䛶䛔䜛㏆㉥外分光ィMulti-Band Camera 
(MBC)䛿月㠃着㝣探査䛻䛸䛳䛶必㡲䛷䛒䜛䠈指向用㥑動䝭䝷䞊䛚䜘䜃䜸䞊䝖䝣䜷䞊䜹䝇機⬟䜢有䛩䜛䠊着
㝣探査䛾場合䠈ほ測対㇟䛸䝻䞊䝞䞊䛚䜘䜃䝷䞁䝎䞊䛾位⨨㛵係䛿事前䛻予測䛩䜛䛣䛸䛜不可⬟䛷䛒䜛䛯

䜑䠈先䛾 2 䛴䛾機⬟䛜㠀常䛻㔜せ䛸䛺䜛䠊LEAD 䛻䛚䛔䛶䜒ヲ⣽探査㡿域䜔䝃䞁䝥䝹採取地点䛾㑅定
䛾䛯䜑䠈䝷䞁䝎䞊䜎䛯䛿䝻䞊䝞䞊䜈䛾広域可ど䞉㏆㉥外分光䜹䝯䝷䛾搭㍕䛜必㡲䛷䛒䜚䠈MBC 䛾䝦䝸䝔

䞊䝆䜢十分䛻活䛛䛧䛯可ど䞉㏆㉥外分光䜹䝯䝷䛾搭㍕䜢検ウ䛧䛶䛔䜛䠊想定䛥䜜䜛外ほ䜢図 3.31 䛻䠈せ
求性⬟䜢⾲ 3.11䛻示䛩䠊 
 

研削機構

ガンマ・中性⼦分光器
(MoMoTarO)

広域分光カメラ
(SLIM搭載MBC後継機)

9

BBM of the Vis-NIR Microscopic Hyper Imager

The BBM allows the selection of two illumination methods: oblique
illumination and epi-illumination. Spectroscopic light is delivered to the
illumination position via an optical fiber.

Lens & Camera Unit

LLJKW SRXUFH UQLW Control Box

Optical Fiber

epi-illumination

oblique-
illumination



n Laser-induced breakdown spectroscopy (LIBS)
[火星表面探査]
• NASA/CNES - ChemCam (Curiosity), SuperCam (Perseverance): ~11 kg 70 Wの大型装置

土壌中に普遍的に水素を発見(Meslin et al. 2013 Science), Jezeroクレータ内の堆積岩・火成岩の
組成を網羅的に調査, 地質ユニットを特徴づけ (Wiens et al. 2022 Sci. Adv)

• 中国 - MarSCoDe (16 kg, 65W). 未変成の新鮮な火成岩の発見 (Luo et al. 2024 JGR)
à火星探査においては標準的な観測装置となっている
[月面探査]
• LE-LIBS (Chandrayaan-3): ~1.1 kg, 20 cm先の地表 (レゴリス) を測定しながら走行

硫黄検出の報道，その後の科学成果の報告は無し

大型長距離化(>10 kg, ~70 W, >5 m)と超小型化(~1 kg, 1.5 W, 20 cm)の二極化
超小型は短距離観測のためレゴリスの観測が主となるà露頭が重要となる理学観測には不向き

à日本は火星探査への接続も見据え小型 (6~7 kg) 長距離LIBSの開発を目指す

海外機器開発状況
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CLOSE-RANGE IN-SITU LIBS (LASER INDUCED BREAKDOWN SPECTROSCOPE) EXPERIMENT 
ABOARD THE CHANDRAYAAN-3 PRAGYAAN ROVER: OPERATIONS AND INITIAL RESULTS  
R.V.L.N. Sridhar, Adwaita Goswami, K.A. Lohar, Bijoy Raha, M.V.H. Rao, Girish Gowda, T.S. Smaran, A. Senthil 
Kumar, S. Bhuvaneswari, S.B. Umesh and K.V.Sriram1, B. Prabkaran and T. Rethika2, Himanshu Pandey3, S. Mala-
thi4, 1Laboratory for Electro-Optics Systems, 2U.R.Rao Satellite Center, 3ISRO Telemetry Tracking and Command 
Network,  Indian Space Research Organization, 4M.S.Ramaiah University of Applied Sciences, Bengaluru, India; 
email: rvlnsridhar@leos.gov.in  

 
Introduction:  The recent Indian mission to the 

Moon, Chandrayaan-3 [1-2], which was launched on 
14  July 2023 by the ISRO (Indian Space Research 
Organization), marked a historic milestone on  23 Au-
gust 2023 by soft-landing a craft, named Vikram in the 
southern higher latitude (latitude: 69.367° south, longi-
tude: 32.348° east) lunar region. In the aftermath of 
soft-landing, the Pragyaan rover that was housed in the 
OaQdHU cUaIW¶V belly has touched the moon¶V surface by 
JHQWO\ UaPSLQJ dRZQ IURP WKH OaQdHU¶V SOaWIRUP in the 
very early morning hours of August 24, 2023.  The 
principal scientific objective of the Pragyaan rover is to 
conduct in-situ lunar surface elemental composition in 
the southern higher latitude regions. One of the scien-
tific instruments of the Pragyaan rover, the LE-LIBS 
(Low-energy Eyesafe Laser Induced Breakdown 
Scope) is the first laser-induced plasma spectroscopy 
science instrument to operate on the Moon to date.  
The LE-LIBS is primarily aimed at identifying and 
deriving the abundance of elements that are commonly 
found in lunar rock-forming minerals, i.e. O, Na, Mg, 
Al, Si, K, Ca, Fe, Cr, Mn, Ti, etc. and the possible de-
tection of volatile and trace elements (H, C, N, S and 
P) in the vicinity of the Chandrayaan-3 landing site. 
Through this paper, authors will present salient instru-
mentation aspects of the LE-LIBS payload, details of 
the executed onboard operations and initial results.  

 LE-LIBS Configuration:  The LE-LIBS payload, 
which was developed based on the laser-induced 
breakdown spectroscopy technique, employs low-
HQHUJ\ (� 3 PJ) aQd H\H-safe wavelength (1535±1 nm) 
laser pulses as the ablation force for the execution of 
close-range in-situ elemental investigations on the lu-
nar surface. The divergence of the laser beam is ~0.43 
mrad and the spot-size on the lunar surface is � 100 Pm 
at a working distance (height) of 205 mm from the rov-
er chassis.  Collection Optics Unit (COU) is a 3 lens 
and 2 mirror elements based folding geometry, while 
the spectro-graph unit was built on flat-field configura-
tion comprising a holographic aberration-corrected 
reflective grating and the CCD (charge couple device) 
as the detector.  The engineering aspects of the LE-
LIBS are described elsewhere [3]. The total payload 
weight is about 1130 grams with a footprint envelope 
of 180 mm (L) x 150 mm (W) x 80 mm (H).  Fig. 1 
shows the LE-LIBS that was housed beneath the 

PUaJ\aaQ URYHU¶V cKaVVLV. To validate the performance 
and to ensure successful operation onboard the Chan-
drayaan-3 rover, several pre-flight tests at the system-
level and rover-integrated level were devised and per-
formed. Spectral database was generated employing 
diverse standard/certified reference soil powders in a 
high-vacuum environment  of ~ 2×10±7 torr. Suitable 
data pre-processing approaches [4] were optimized to 
generate a clean plasma emission spectrum for detailed 
analysis. 

 

 
Fig. 1 The LE-LIBS Sa\ORad PRXQWHd WR URYHU¶V cKaVVLV at 
the bottom (left); the flight-model of the LE-LIBS (right) 

Onboard operations and initial results: The LE-
LIBS, which is the first of its kind to execute in-situ 
close-range elemental investigations on the lunar sur-
face, operated for the first time on August 25, 2023, at 
10:42:21 UTC for a duration of 35 seconds. The opera-
tion was started after the selection of a suitable obser-
vation location.  Based on the executed operations, the 
LE-LIBS performance was found nominal.  The first 
LIBS emission spectrum of the lunar regolith was rec-
orded from a southeast site (with respect to the landing 
location), while the last operation was performed on 
September 2, 2023, for 50 seconds on a northeast site. 
The LE-LIBS payload was turned ON 66 times and 
performed investigations on 25 different sites in vari-
ous locations, viz., plain regions, the rim of the craters, 
disturbed surface by the rover wheels etc.  The onboard 
experienced base temperature was observed within the 
operating temperature range of the instrument [2]. Fig. 
2 shows the horizontal bar plot representing the num-
ber of LE-LIBS operations versus the day of the opera-
tion. The instrument ablated the lunar soil/regolith at 
different places and collected the laser-induced plasma 
emission signal for more than 750 laser shots. A suite 
of tele-commands are uplinked from the ground station 
varying in parameters viz., laser pump current, delay 
time, acquisition time, number of laser shots, mode of 

1135.pdf55th LPSC (2024)

LE-LIBS [Sridhar et al. LPSC 2024]ChemCam onborad Curiosity



n 顕微分光カメラ
[火星探査]
• NASA Perseverance搭載SuperCam (~11kg)

Vis-NIR領域をカバーする分光器を複数内蔵しスポット分光を実施
NIR領域の解能空間分：~11mm/spot @ 10m

[月面探査]
• SLIM搭載MBC (~4.0kg)

マルチバンド近赤外イメージング分光観測では最高分解能 (1.1mm/pixel @ 10m) 
月面ボルダーにおいて3~4cmのカンラン石クラストを発見 (Ohtake et al., 2025 LPSC)

• Change’5&6搭載LMS(~5.5kg)
可視領域イメージング(480-950nm, 0.56mm/pixels @ 2m)と赤外領域スポット分光(900-3200nm)を実施
(R.Xu et al., 2022 SSR)

➡ 可視近赤外領域をカバーする顕微ハイパースペクトルイメージャは世界的に未実証, 開発途上
日本：空間分解能 10 µm/pixel, 波長0.7-1.7µm, 波長分解能 2-20nm (Nakauchi et al., 2025)
海外：空間分解能 100 µm/pixel, 波長0.45-3.6µm, 波長分解能 50nm※ (Núñez et al., 2025)

海外機器開発状況
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※観測波長範囲が広いため、マルチバンドスペクトルに近しい設計

かぐや・SLIMで世界をリードした可視・近赤外分光技術を活かし月面顕微分光を実現する
顕微分光カメラ BBM
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Perseverance搭載SuperCam
[P. Bernardi et al. 2020]
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鉱物判定結果



プリカーサ：ランダー・小型ローバ搭載
n ランダー・ローバからのリソース供給

à ローバを含めた形でのパッケージ化

ハンディ化 (自立化/パッケージ化・
ハンドヘルド化)・分析ラボ化
n バッテリー・通信・熱制御
n 安全要求への対応
n 機器の統合化 à 相互参照が可能
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上記(1)䛻㛵䛧䛶䛿例䛘䜀䠈与圧䝻䞊䝞䜢䠈観測地点付㏆䜢往復㉮行䛥䛫䛶䛭䛾自㔜䛷䝺䝂䝸䝇䜢固䜑䜛
方法䜔䝻䝪䝑䝖䜰䞊䝮䜢䝟䝽䞊䝅䝵䝧䝹䠄䝴䞁䝪䠅䛸䛧䛶利用䛩䜛䛣䛸䛷設置場所䜢固䜑䜛方法䛺䛹䛜考䛘䜙

䜜䜛䠊(2)䛻㛵䛧䛶䛿䝁䞁䝟䞊䝖䝯䞁䝖䜢䝺䝂䝸䝇䛻埋設䛥䛫䜛䛣䛸䛻䜘䜚月㟈䝁䞁䝟䞊䝖䝯䞁䝖䛾熱制御䛜基本
的䛻不要䛻䛺䜚䠈䛛䛴地㠃䛸䛾䜹䝑䝥䝸䞁䜾䜒保持䛷䛝䜛点䛷地㟈観測䛻䛸䛳䛶䛿好条件䛷䛒䜛䠄地球䛾

地㟈観測䛷䜒地㟈計地中埋設䛿㏻常䛻行䜟䜜䛶䛔䜛䠅䠊䛭䛧䛶(3)䛻㛵䛧䛶䛿与圧䝻䞊䝞䛾㉮行䛻䜘䜛振
動䜔䝻䝪䝑䝖䜰䞊䝮䜢地㠃䛻”叩䛝䛴䛡䜛”䛣䛸䜢繰䜚㏉䛧䛶人工的䛻地㟈䜢発生䛥䛫䜛方法䛜考䛘䜙䜜䜛䠊 
 
 

 
図 3.35  月㠃 SR䛾有人与圧䝻䞊䝞䛻䜘䜛䛭䛾場分析機器搭㍕䛾䜲䝯䞊䝆図 

  

2020 2025 2030 2035

FS/FL開発

FL開発 (要素開発)
小型化/短距離観測化

★ 与圧ローバ

★ 有人探査
(Artemis4以降)
搭載提案
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3.5. LEAD2ྕᶵ(LEAD2)のミッシࣙࣥのコࣥセプト 
日本独⮬䛾月㠃㍺㏦機会䛷䛒䜛 LEAD䛿䝅䝸䞊䝈化䛜検ウ䛥䜜䛶䛔䜛䠊䜎䛯䠈3.3節䛷㏙䜉䛯䜘䛖䛻䠈

1 度䛾䝭䝑䝅䝵䞁䛷䛿月㠃科学䛜完了䛩䜛䛣䛸䛻䛿䛺䜙䛺䛔䠊䛣䛣䛷䛿䠈LEAD2 号機䜢活用䛧䛯䝭䝑䝅䝵䞁
䛾䝁䞁䝉䝥䝖䛻䛴䛔䛶示䛩䠊LEAD2 䛷䛿䠈LEAD1 䛸䛿異䛺䜚䠈極域以外䛾着㝣地点䜢㑅択可⬟䛷䛒䜛
䛸䛔䛖想定䜢䛧䛶䛔䜛䠊現在有力䛺着㝣地点候⿵䛜䝃䞁䝥䝹䝸䝍䞊䞁䛾䝍䞊䝀䝑䝖㡿域䛷䛒䜛䠈䝛䜽䝍䝸䝇

盆地及䜃䠈低緯度䛾始原地殻岩㟢出㡿域䛷䛒䜛䠊月㠃䛷䛿天体⾪突䛾影㡪䜢受䛡䛶岩石䛾変㉁䞉混合

䛜㉳䛣䜛䛯䜑䠈地㉁学的䛻最㏆䛻㟢出䛧䛯新㩭䛺㟢㢌䛾必せ䛷䛒䜛䠊䛭䛾䜘䛖䛺新㩭㡿域䛿急斜㠃䛾付

㏆䜔䜽䝺䞊䝍䛾放出物上䛷䛒䜚䠈䛭䛣䛻存在䛩䜛 10cm䛛䜙数m䛾岩塊䛜分析対㇟䛸䛺䜛䠊 
月㠃䛷䛾ヨ料㑅別䛾䛯䜑䛻分析䝷䝪䝷䝖䝸䞊䠄以㝆䠈分析䝷䝪䠅䛾䝻䞊䝞䞊搭㍕䜢検ウ䛧䛶䛔䜛䠊分析䝷

䝪䛷䛿䠈外付䛡䛾簡易分析⿦⨨䛾分析結果䜢䜒䛸䛻採取䛧䛯䝃䞁䝥䝹䜢」数䛾䜘䜚ヲ細䛺䛭䛾場分析䛻

䛛䛡䜛䛣䛸䛷䠈地球回収䛻妥当䛺䝃䞁䝥䝹䛷䛒䜚䠈䝻䞊䝞䞊内䛻䝇䝖䝺䞊䝆䛩䜛必せ䛜䛒䜛䛛䠈䝻䞊䝞䞊外

䛻廃棄䛛䜢決䜑䜛䠊ヨ料㑅別䛿以下䛾流䜜䛷䛒䜛䠊 
1. 広域ほ測䛻䜘䜚㔜点ほ測䛩䜉䛝䝍䞊䝀䝑䝖䜈䝻䞊䝞䞊䛷接㏆ 
2. 䝍䞊䝀䝑䝖岩体䜢䝻䞊䝞䞊䛾外付䛡分析⿦⨨䛷分析䛧䠈分析䝷䝪内䛷䛾ヲ細分析䛻回䛩䛛䛹䛖䛛

䜢判断 
3. 岩体䛛䜙ヨ料採㞟後䛻䝻䞊䝞䞊内䛷ヲ細分析 
4. 地球帰㑏ヨ料䛸廃棄ヨ料䛻分㢮䛧䠈前⪅䛿䝁䞁䝔䝘䞊䜈格納 

1, 2䛻㛵䛧䛶䛿 LEAD1䛷䛾分析䝣䝻䞊䛸同䛨䜒䛾䜢⪃䛘䛶䛔䜛䠊 
分析䝷䝪䛿」数䛾分析⿦⨨䝟䝑䜿䞊䝆䛜各㒊屋䛸䛧䛶横䛻㐃䛺䛳䛯䜒䛾䜢䜲䝯䞊䝆䛧䛶䛚䜚䠈各䝟䝑䜿

䞊䝆䛿同一䛾䝧䝹䝖䝁䞁䝧䜰䞊䛾䜘䛖䛺䝃䞁䝥䝹㍺㏦䝹䞊䝖䛷繋䛜䛳䛶䛔䜛䠄図 3.34䠅䠊回収䛥䜜䛯䝃䞁䝥
䝹䛿䜰䞊䝮䜢使䛳䛶䠈䝧䝹䝖䝁䞁䝧䜰䞊上䛻⨨䛛䜜移動䛧䛺䛜䜙各種分析䝟䝑䜿䞊䝆内䜢移動䛧䛴䛴分

析䛜䛺䛥䜜䜛䠊上グ 3䛾ヲ細分析䛿以下䛾䜘䛖䛺䜒䛾䜢想定䛧䛶䛔䜛䠊 
3a. ヲ細分析用䛻平坦䛺䝃䞁䝥䝹㠃䜢出䛩䛯䜑䛻研削 
3b. 研削㠃䛻対䛧㢧微分光䜹䝯䝷䛻䜘䜛ヲ細組⧊ほ察 
3c. 䝷䝬䞁䛻䜘䜛㖔物分析 
3d. XRF䛻䜘䜛元素䝬䝑䝢䞁䜾 
3e. LIBS䛻䜘䜛㖔物䛾元素組成分析䛸 K-Ar年代ィ測 

 

 

図 3.34  分析䝷䝪䝷䝖䝸䞊䛾䜲䝯䞊䝆図 
  

自立化分析ラボ

★ 国際/国内探査 搭載提案

EM開発

★ 国際/国内探査 搭載提案
（CLPS等）

機器統合化
ハンディ化

l月面サンプルリターンのシナリオとして以下のロードマップを想定。
①2020年代のプリカーサミッションとしてランダー、小型ローバにその場観測機器を搭載し、「月面技

術実証」と「南極域での一級の科学」を目指す。（技術的には、SLIM分光カメラ（MBC）等のヘリ
テージを最大限活かし短期間での開発を指向）

②2030年代の与圧ローバへの機器搭載、アルテミス飛行士によるハンディ型機器による観測、サンプル
の選別、持ち帰りを想定。

開発ロードマップ

12

★ ~2028 プリカーサミッション
n 月面技術実証

(研削技術・多角的地質把握技術実証)
n 南極域での一級の科学

LIBS Station          PI Seiji Sugita 

 16 

2.3 LIBS bus module design & build 
 

 

Fig. 2.3.1. LIBS station design. 

 
Fig. 2.3.2. LIBS station prototype on the lunar simulation field. 

The LIBS bus module adopts the power, thermal control, and communications heritage of the 
micro-satellite bus used in EQUULEUS/ESA's Comet Interceptor mission, as provided by our 
contractor ArkEdge Space, but without the propulsion and attitude control systems (Fig. 2.3.1). A 
laser safety and dust protection cover ensures crew safety and protects the optical components 
from regolith contamination; the laser is fired from this side with a calibration sample mounted on 
its tip. Two solar array panels, derived from micro-satellite heritage, are mounted on two sides to 
provide continuous power throughout the lunar day under low-altitude sunlight in the polar region. 
The remaining side functions both as the interface with the Starship unpressurized shelf and as a 
radiator, and must be oriented to avoid direct sunlight. 

自立化LIBS

ハンドヘルドLIBS
©HITACHI


