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Abstract 
 

This paper introduces the summary and development status of science instrument MEGANE (Mars-moon 
Exploration with GAmma rays and NEutrons) for MMX (Martian Moons Exploration), the Japanese Phobos 
sample-return mission. In Phobos orbit, MEGANE can detect gamma-rays and neutrons generated from Phobos and 
determine the elemental composition of the ground surface, which is essential information for the science objectives 
of MMX. The MEGANE instrument is being developed by Applied Physics Laboratory, JHU, U.S., as part of 
international cooperation between JAXA and NASA. 
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Mars-moon Exploration with GAmma rays and NEutrons
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(Wikipedia)
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Planetary Nuclear Spectroscopy
Gamma Rays
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第18回宇宙科学シンポジウム 2018年1月9日～10日宇宙航空研究開発機構宇宙科学研究所

草野広樹1、川勝康弘1、倉本圭2、亀田真吾3、岩田隆浩1、長谷部信行4、小林正規5、千秋博紀5、横田勝一郎6

1: JAXA/ISAS、2: 北大、3: 立教大、4: 早大、5: 千葉工大、6: 阪大

ガンマ線・中性子分光計 *NASA提供

MMXの科学目的

z 望遠カメラ TL
• 火星衛星全球地形・表面構造
• サンプル採取地点周辺の地形

z 広角分光カメラWAM
• 火星衛星全球表層の含水鉱物、有機物、赤化度
• サンプル採取地点周辺の物質
• 火星大気

z レーザ高度計 LIDAR
• 火星衛星全球地形情報

z 近赤外分光計MacrOmega
• 火星衛星全球表層の含水鉱物、水分子、有機物
• 火星大気

z ガンマ線・中性子分光計MEGANE
• 火星衛星全球表層の主要元素、天然放射性元素、
水素

z 火星周回ダストモニタ CMDM
• ダストリング

z イオンエネルギー質量分析器MSA
• 火星衛星周辺イオン環境
• 火星衛星内部の氷の存在

大目的1 火星衛星の起源を明らかにし、内外太陽系接続領域における惑星形成過程と物質輸送に制約を与える。
中目的1.1 Phobosの起源が小惑星捕獲なのか巨大衝突なのかを明らかにする。
MO1.1.1 Phobosを構成する物質の表層分布を採取地点の科学的評価と地質構造把握に必要な空間分解能で分光
学的に明らかにし、Phobosの起源に制約を与える。
MO1.1.2 Phobos表面の回収試料から構成物質の主要成分を、形成時の記録を保持する衛星固有物質として同定し、
その同位体比等から、その起源を強く制約する。
MO1.1.3 Phobos内部の氷の存在に関わる分子放出率や質量分布等の情報を取得し、またPhobos表層の密度コントラ
ストの有無を調べ、Phobosの起源にMO1.1.1、MO1.1.2とは独立に制約を与える。

中目的1.2a 【Phobosが小惑星捕獲起源の場合】 地球型惑星領域へ供給される始原物質の組成とその移動過程を解明し、
火星表層進化の初期条件を制約する。
MO1.2a.1 太陽系始原物質の形成およびスノーライン周辺領域での始原天体形成環境に、物質科学的に制約を与える
とともに、Phobos捕獲過程を推定することで、初期太陽系での天体移動過程と火星表層進化の初期条件に制約を与える。

中目的1.2b 【Phobosが巨大衝突起源の場合】 地球型惑星領域における巨大衝突と衛星形成過程を理解し、火星の初
期進化過程に及ぼす影響を評価する。
MO1.2b.1 Phobosの衛星固有物質中に、巨大衝突で飛び散った原始火星成分（火星起源成分）と衝突天体起源
成分を特定し、その特徴を明らかにするとともに、巨大衝突規模と年代を推定し、地球型惑星領域における天体移動と惑
星形成過程に制約を与える。

中目的1.3 Deimosの起源に新たな制約を加える。
MO1.3.1 Deimosを構成する物質の表層分布を地質構造の把握に必要な空間分解能で分光学的に明らかにして、
Phobosと対比する。

大目的2 火星衛星からの視点で、火星圏変遷の駆動メカニズムを明らかにし、火星圏進化史に新たな知見を加える。
中目的2.1 火星圏における衛星の表層進化の素過程に関する基本的描像を得る。
MO2.1.1 小惑星と比較して火星衛星に特有な表層レゴリス層の風化・進化過程（天体衝突頻度と撹拌の程度、並びに
宇宙風化過程）を特定する。

中目的2.2 火星表層変遷史に新たな知見と制限を加える。
MO2.2.1 Phobos表面の回収試料中に、衛星形成後に火星から飛来した物質を探し、適切な試料が存在する場合には、
それから火星表層の化学状態やその変遷に制約を与える。
MO2.2.2 火星史を通じた大気散逸量に、現在の散逸大気の組成比・同位体比から制約を与える。

中目的2.3 火星気候の変遷に関わる火星大気物質循環のメカニズムに制約を与える。
MO2.3.1 火星大気中および大気-地表間のダストと水の輸送過程にダストストームと水蒸気・雲の全球分布の時間変化
から制約を与える。

火星衛星探査計画MMXの科学観測機器

MMXの科学観測機器

科学観測機器と主要観測対象

MEGANEのベースとなるMessenger搭載ガンマ線
分光計（左）およびLunar Prospector搭載中性
子分光計（右上）。

近赤外分光計 *CNES提供

望遠カメラ 広角分光カメラ レーザ高度計

火星周回ダストモニタ イオンエネルギー質量分析器

観測対象元素：H, O, Na, Mg, Si, K, 
Cl, Ca, Fe, Th, U, etc.
ガンマ線分光計
検出器：高純度ゲルマニウム
観測ガンマ線エネルギー：0.15-
10MeV
エネルギー分解能：3.6keV
@1454keV

中性子分光計
検出器：3He比例計数管（熱・熱外
中性子）、B添加プラスチックシンチ
レータ（高速中性子）

検出器：HgCdTe2次元アレイ（256×256px.）
分光方式：AOTF（音響光学素子可変波長型フィルタ）
視野角：6°
観測波長：0.9-3.6μm
空間分解能：<20m @高度20km

視野角：1.1°×0.82°
有効口径：110mm
焦点距離：950mm
空間分解能：24cm @高度20km

視野角：66°×53° 有効口径：2-4mm
焦点距離：13.75mm
観測波長（波長幅）：390 (50), 480 (30), 550 (30), 650 (10), 
700 (10), 860 (40), 950 (60) nm
空間分解能：
• 20m @高度20km
• 着陸地点付近100m四方
に対して10cm

• サンプル採取地点1m四方
に対して1mm

観測対象イオン：
• 水関連分子（O+, OH+, H2O+, H3O+）→フォボス内
部氷

• 太陽風（H+, He2+）、火星散逸イオン（O+, O2
+）、

火星衛星反射イオン（H+, He2+, O+, Mg+, Si+, O2
+, 

Fe+）→衛星表面の風化作用
• 火星散逸イオン（O+, C+, N+, Ar+）→火星散逸大
気量

観測イオンエネルギー：10eV/q-30keV/q
エネルギー分解能：ΔE/E~20%
観測イオン質量：1-60amu
質量分解能：M/ΔM~100

Bepi Colombo MMO搭載MSA。
MMXでは、同様の測定原理で、さらに
質量分解能を向上させる。

CMDM概念図。ダストが検出面に衝突す
ると、励起された音波がPZTで検出される。
MMXでは、微量なダストを計測するために
検出面を大面積化する。

LIDARブロック図。測定開始のトリガによりレーザを射出し、
反射光の受信までの時間差を計測することで、探査機と
ターゲット（フォボス表面など）の間の距離が得られる。

1m

1m

PZT
（10mmΦ×4個）

ポリイミド
フィルム

科学目的達成のために必要なものという観点を中心に、
以下の7機器（ノミナル）を選定した。

P-067

MacrOmega光学系の概念図。

MacrOmegaのベースとなる
Hayabusa2搭載MicrOmega
(© CNES)

Polarizer Polarizer

AOTF

Sensor

Selected
wavelength

測距距離：100m-100km
測距分解能：0.5m
レーザ出力：>20mJ
レーザ広がり角：<0.5mrad
受光部視野：<1mrad
繰り返し周波数：1Hz

BBMによるダスト衝突実験。

10mmφ×2mmt

観測対象ダスト：
• 火星ダストリング→ダストを生成する天体衝突頻度、
衛星軌道上に放出されたダストの再集積現象の制約

• 惑星間ダスト、星間ダスト
検出器：ポリイミドフィルム、PZT圧電センサ
観測ダストサイズ：10-20μm以上
観測ダスト速度：>0.16km/s

TL概念図。 WAM概念図。7台のカメラによる同時
撮像を行う。

Phobos Ĩä�

Phobos ĨÔSí(

MEGANE

This document is provited by JAXA.



Phobos :-�:�"

n n©ä�Ĩ@2ĩČŭ=įĘĕĩŬ=Rd�ēn©ėĵĞĤaĶĵČŅŨŒţĹő
±Ħ (G-±Ħ) �ÃÅhē	eėĵĴč

n Ó»ä�Ĩ@2ĩEõ"ē �¦âħĦĳČļŅŨŒţĹő±Ħ ("(F�Ĩ) �
ÃÅhČĒġs°b�ÃĨ��ē	eėĵĴč

n �Íĩ�ħ Fe/Si ũ Fe/O ũ K/Th �ČMgũFeũH ĨI:ZČ£C�bHĤ£�b
HĨwQ÷�ĦĥĒĲ#NģĔĴč

5

ORIGIN OF PHOBOS AND DEIMOS
Two competing hypotheses are proposed for their origins

Capture of asteroid 

Consistent with D- or T-type IR spectra

in situ formation by an impact

Consistent with low eccentricity & inclination

Image courtesy (Hiro Kurokawa)
Image courtesy (Hiro Kurokawa)
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83.3. Data Processing Unit

A simplified block diagram of theMEGANE electronics is shown in Figure 9. MEGANE uses a single DPU to
service both the GRS and NS sensors. The DPU provides power, command and control, health and status
monitoring, data processing, and formatting functions for each of the four detectors (HPGe, ACS, and two
NS sensors). It contains five board “slices,” functionally identical to those in the MESSENGER GRS DPU:
a processor board, a low‐voltage power supply (LVPS) board, GRS and NS high‐voltage power supply
(HVPS) boards, and a cryocooler control board.

4. Expected MEGANE Measurements

Successful gamma‐ray and neutron measurement investigations require extended periods of time (≥10s of
hours) at altitudes of ≤1‐body radius (Peplowski, 2016). While a detailed MMX mission plan is still in the
formulation stage, the notional MMX plan will utilize low‐altitude quasi‐satellite orbits (LA‐QSO), which
provide equatorial coverage across Phobos (Scheeres et al., 2019). For the purpose of determining sensitiv-
ities to elemental concentrations, we use 10 days (240 hr) of total accumulated time at altitudes less than
one‐Phobos radius and we adopt these criteria, unless otherwise noted, for all performance estimates.

4.1. Expected GRS Measurements

Table 4 lists the primary gamma‐ray lines used to make elemental composition measurements, along with
the abundance sensitivities and precisions needed to meet the MEGANE science objectives. Calculations
that estimate the GRS measurement performance were carried out using a combination of measured

Figure 9. MEGANE block diagram.

10.1029/2019EA000811Earth and Space Science

LAWRENCE ET AL. 2615

Neutron
Spectrometer

High-Purity Ge
Gamma-Ray

Spectrometer

Data Processing Unit(Lawrence et al., 2019)
Total�15 kg
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and blue spectral units can be combined with higher‐resolution spectral
unit maps to develop inter‐instrument criteria for sample site selection.
This is particularly important if MEGANE observations indicate composi-
tional differences between the red and blue units, for instance in volatile
content or major element chemistry. Such information may reveal that
one of the two units is less processedmaterial and therefore a better choice
for understanding the native composition of Phobos.
2.3.2. Science Objective 6: Document the Compositional Context of
the Returned Samples
Laboratory analysis of the Phobos samples will provide the most robust
constraints on Phobos' origin. The question of sample representativeness
is fundamental. MEGANE measurements form the basis for evaluating
how well the sample represents Phobos' mean, regional, and subsurface
(depths of up to ~30 cm) composition. MEGANE's measurement of
H depth variability can reveal how volatile element content varies at a
depth well below the maximum depth reached by the sample acquisition
system. Volatile depletion in the uppermost material on exposed objects
(e.g., asteroid 433 Eros) (Kracher & Sears, 2005) is a known phenomenon
that alters the chemistry of surface materials relative to their original com-
positions. Depletion of H in the uppermost surface is likely, given the diur-
nal thermal wave penetrates roughly 1 cm (Kuhrt & Giese, 1989).
MEGANE samples elemental composition to a depth of ~30 cm; therefore,
MEGANE volatile element (H, Na, and K) measurements, combined with
analysis of the returned sample (~2–10 cm), allows reconstruction of how

space weathering has affected chemistry of Phobos' regolith, which provides crucial context for efforts to
reconstruct the moon's evolution.

3. MEGANE Instrumentation

The MEGANE instrumentation combines a high‐purity Ge (HPGe) gamma‐ray spectrometer (GRS), a
3He‐sensor based NS, and a shared Data Processing Unit (DPU). The GRS measures gamma rays with ener-
gies between 100 keV and 10 MeV to characterize the abundances of key elements in near‐surface materials.
The NS measures neutron fluxes in three broad ranges, from thermal (<0.2 eV) to fast (>0.5 MeV) energies,
to map the distribution of H and bulk chemical properties of the surface. Together, the GRS and NS provide
orbital reconnaissance data that can address MMX science goals, inform the selection of MMX sample sites,
and document the geochemical context of the returned sample.

3.1. MEGANE Gamma‐Ray Spectrometer

The MEGANE GRS (Figure 7) is based on heritage from the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) mission (Goldsten et al., 2007), with improvements based
on lessons learned from MESSENGER that were validated with a prototype GRS known as GeMini Plus
(Burks et al., 2018) built for a NASA instrument development program. Those improvements are also being
incorporated into the GRS for NASA's Psyche mission (Lawrence et al., 2019), which also provides design
heritage for MEGANE. As with MESSENGER, the MEGANE GRS uses a 5‐cm‐diameter by 5‐cm‐long
coaxial Ge crystal that is encapsulated within an Al enclosure and then suspended by low conductivity sup-
ports within a vacuum cryostat that provides thermal isolation from the surrounding environment. The
cryostat is surrounded by a borated plastic scintillator anticoincidence shield (ACS), which is read out by
a photomultiplier tube (PMT) identical to that used for MESSENGER. The scintillator has a thickness of
1.8 cm for its cylindrical portion, and it tapers to a thickness of 4.92 cm at the bottom near the PMT.
The ACS serves two purposes. First, it actively rejects charged particle background within the Ge crystal.
Second, because it contains 5% boron by weight, it also serves as a fast‐neutron detector by detecting neu-
trons that interact in the scintillator via the 10B (n, α) reaction. This type of scintillator is used widely for
detecting planetary fast neutrons (e.g., Lawrence, Peplowski, et al., 2013; Lawrence, Feldman, et al., 2013;
Maurice et al., 2000, 2011). The MEGANE GRS gamma‐ray sensor operates at a temperature of 90 K, which

Figure 7. Drawing of the MEGANE gamma‐ray spectrometer (GRS). The
components seen from the outside are labeled; the Ge crystal is located
within the cryostat. The radiator is a notional design. The nadir direction
viewing Phobos is through the side of the ACS. The length of the GRS from
the end of the PMT to the radiator is ~30 cm.
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is achieved with a Ricor K508N cryocooler. This cooler is an adaptation of the K508 used for MESSENGER.
Modifications from the MESSENGER GRS, based on lessons learned from operations around Mercury
(Evans et al., 2017), include 1) a vent‐to‐space encapsulation for the Ge sensor to reduce contamination
build up from annealing operations; 2) higher temperature anneals to better mitigate radiation damage
from solar and GCRs (Peplowski et al., 2019); and 3) reading and processing the Ge signals using all‐
digital electronics.

3.2. MEGANE Neutron Spectrometer

The MEGANE NS (Figure 8) uses the same type of 3He gas proportional sensors (5‐cm diameter by 20‐cm
long) as the successful Lunar Prospector NS (Feldman et al., 2004). However, instead of mounting the sen-
sors end‐to‐end as was done for Lunar Prospector, for MEGANE they will be mounted in parallel, which pro-
vides substantial mass savings. Based on neutron transport models of their response, it was determined that
cross talk and shadowing can be minimized when the tubes are separated by at least one tube radius. The NS
incorporates two identical 3He sensors – one covered in 0.5 mm of thermal‐neutron‐absorbing Cd and the
other bare – to detect neutrons (n) from Phobos via the 3He + n capture reaction. The bare tube allows neu-
trons with all energies to pass into the 3He sensor, thereby providing measurements of thermal (neutron
energy En < 0.4 eV) and epithermal (0.4 eV < En < 100 keV) neutron fluxes. The Cd covering on the other
tube stops thermal neutrons from entering the 3He sensor, rendering it an epithermal‐neutron‐only sensor.
The thermal neutron count rate is derived from the difference in the two counting rates. 3He sensors are
commercial off‐the‐shelf units from Baker Hughes (originally General Electric Reuter Stokes). They exhibit
high sensitivity to neutrons and low sensitivity to background, are extremely rugged and radiation tolerant,
and have extensive spaceflight heritage on national security and NASAmissions (Feldman et al., 2004; Hahn
et al., 2003). As with the GRS sensor, the MEGANE NS benefits from the Psyche GRNS design heritage
(Lawrence et al., 2019).

Figure 8. MEGANE neutron spectrometer with two 3He neutron sensors. The nadir direction viewing Phobos is perpen-
dicular to the cylinder axes of the sensors. The epithermal sensor uses the Cd covering. The length of each sensor assembly
is ~30 cm.
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MESSENGERGRS data and particle transport simulations. These calcula-
tions assumed identical energy resolution performance as the
MESSENGER GRS at Mercury arrival (5 keV at 1,333 keV), which was
degraded relative to postlaunch performance following the 6.6‐year cruise
to Mercury due to accumulation of radiation damage (Evans et al., 2017).
Since MMX cruise is only 1 year, and our instrument development efforts
have generated procedures that fully recover radiation damage
(Peplowski et al., 2019), MEGANE performance at Phobos is expected to
exceed MESSENGERGRS. MESSENGERGRS flight‐measured spacecraft
backgrounds were adopted as the MEGANE backgrounds, as both instru-
ments are spacecraft‐mounted, and the MMX fuel mass during LA‐QSO
will likely be comparable to that during MESSENGER Mercury flybys.

Gamma‐ray simulations (see Peplowski, 2016), were carried out
(Figure 10) for two compositions – a Mars‐like material and a volatile‐rich
carbonaceous chondrite material (Figure 1). The simulations combined
three inputs to produce model gamma‐ray spectra. Modeled gamma‐ray
spectra for all compositions were produced using the particle transport
code Monte Carlo N‐Particle eXtended (Pelowitz, 2005). Those spectra
were convolved with the MESSENGER GRS detector response function
to incorporate the energy‐dependent gamma‐ray detection efficiency
and system energy resolution. The MESSENGER GRS response, which

includes the intrinsic detection efficiency as well as attenuation losses in the instrument housing, is appro-
priate as it has an identically sized HPGe sensor as MEGANE. The use of response‐convolved models and
benchmarking to in‐flight measurements is detailed in Peplowski (2016), who applied this technique to
Near‐Earth Asteroid Rendezvous (NEAR) GRS measurements of asteroid 433 Eros. The CI chondrite com-
position was adopted from Lodders and Fegley (1998). The Mars composition is a crustal composition
derived from in situ and remote sensing observations. The Mars and carbonaceous chondrite simulations,
benchmarked to MESSENGER flight data, demonstrate large and easily characterized signatures for our ele-
ments of interest. The Mercury benchmark, a comparison of MESSENGER GRS data acquired at one‐body
radius to a modeled gamma‐ray spectrum for mean Mercury composition, provided a flight‐data‐verified
normalization for all simulations. Comparisons of modeled and measured spectra reveal a model accuracy
of >85% (absolute count rates) (Peplowski, 2016). The statistics are based on a 10‐day accumulation at
one‐body‐radius altitude, and full‐body bulk compositions for all the elements listed in Table 4 will be
obtained within these 10 days of accumulations, thus meeting the MEGANE measurement requirements.

GRS measurements will have sufficient statistical precision to map the elemental compositions of Si, K,
Fe, and Th across Phobos' surface. Figure 5b shows the instantaneous GRS footprint of measurements at
an altitude of one‐Phobos radius. Figure 5a shows multispectral imaging data and the location of the
blue unit near Stickney crater. As seen, GRS measurements are spatially resolved at the scale of the blue
unit, enabling MEGANE to identify differences in the elemental composition of the red and blue units.
Figure 11a shows the expected GRS coverage for currently planned LA‐QSO orbits, which indicates
there is sufficient coverage for altitudes less than one‐body radius to obtain robust gamma‐ray measure-
ments both over the blue‐unit regions (longitudes 330–30°) and red‐unit regions antipodal to the blue
unit (150–240°).

4.2. Expected Measurements: NS

The Monte Carlo N‐Particle (MCNP) code (Goorley, 2013) was used to calculate the flux of low‐energy neu-
trons at Phobos' surface as generated via interactions from an average GCR spectrum. The neutron flux was
modeled for dozens of compositions, ranging from primitive meteorites (i.e., Tagish Lake), ordinary chon-
drites, to differentiated Mars materials. Using a two‐degree resolution Phobos shape model, we calculate
the contribution of each visible facet to the flux arriving at the NS, from which a position‐dependent NS
count rate was derived. Useful neutron data can be obtained at higher altitudes than gamma‐ray data, so
we used altitudes of ≤1.5‐body radius in the analysis and a notional Phobos LA‐QSO. We test the ability
of NS data to resolve the blue versus red unit by assigning each spatial unit a different composition, and

Table 4
List of Primary Gamma‐Ray Lines used to Make Elemental Composition
Measurements, Along with Required Detection Thresholds and
Precisions Needed to Discriminate Between the Formation Models
(see Figure 1)

Peak (keV) Detection threshold Relative precision

Ha 2223.2 100 ppm 20%
Oa 6128.6 20 wt.% 33%
Na 439.4 2 wt.% 30%
Mga 1368.6 2 wt.% 33%
Sia 1779.0 2 wt.% 20%
Ka 1460.8 300 ppm 20%
Cl 1957.6 0.15 wt.% 25%
Caa 1942.7 5 wt.% 33%

Fea 846.9 1.5 wt.% 20%
7631.1
7645.5

Tha 2614.5 150 ppb 20%

U 351.9 50 ppb 90%
609.1

aRequired to meet MEGANE's Level 1 requirements.
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A 3D rendering of GRS and NS

Spencer Disque, the engineering

lead on the MEGANE STM at APL

stands with the two shipping containers.

https://www.jhuapl.edu/PressRelease/201216-APL-delivers-MEGANE-test-model-to-Japan

MEGANE STM (GRS, NS, DPU) ē�ÑĂ�ù�Ö�iģňŉŏŞħ2�ĘĞč
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u GRS Ĥ NS Ĩ{�ē Phobos �_{4ħPĘĢĊ10º ��ģĎĴĖĤč
(Phobos ��ķĈÒ�ČĖĵķ�ĞĚ)
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