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How to find lunar water resources using cosmic rays? 

• Galactic cosmic rays colliding with the lunar surface 
produce fast neutrons, which leak out as low-energy 
(epi-)thermal neutrons via proton (water) scattering.  

• Lunar rover missions will locate subsurface water in a 
non-contact way via neutron monitors.
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• Galactic cosmic rays colliding with the lunar surface 
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(epi-)thermal neutrons via proton (water) scattering.  
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Fig. 5. Distribution of the production depth of leakage neutrons. The intensity is
relative to the leakage intensity for each neutron energy. The lunar soil density of
1.6 g/cm3 was assumed.

shallower than subsurface intensity peaks. Lower-energy leakage neu-
trons originated at greater depths, as initial high-energy neutrons re-
quired substantial transport lengths to moderate into epithermal and
thermal neutrons. Thus, leakage neutrons predominantly reflected com-
positions in several tens of g/cm2 in depth (Ì50 cm for the lunar soil
density of 1.6 g/cm3), although they carry the compositional informa-
tion in soil depths down to Ì240 g/cm2 (1.5 m for the same density).
This result indicates the importance of the subsurface water depth in
estimating the amount of subsurface water with NS as described in
Section 3.3.

3.2. Effect of subsurface water in the homogeneous model

Fig. 6 shows the variation in leakage neutron energy spectrum due
to subsurface hydrogen. Typical energy spectra for hydrogen abun-
dances of 0, 100, 1000, and 10000 ppm were plotted because the
spectral shift from dry composition was visible with greater hydrogen
levels than 100 ppm. When the hydrogen abundance increased, leakage
neutrons decreased in energies from Ì0.1 eV to Ì10 MeV and increased
in energies of ø0.1 eV. This spectral shift aligns well with previous
studies (Lawrence et al., 2010; Sanin et al., 2017). The neutron intensity
also varied with subsurface hydrogen, as illustrated in Fig. 7. As is well
known, epithermal neutrons proved especially sensitive to subsurface
hydrogen, with fast neutron variation being less pronounced. Thermal
neutron intensity rose with increasing hydrogen but then decreased
with greater hydrogen levels. These intensity shifts result primarily
from the way hydrogen atoms moderate neutrons during the trans-
port process. Solar activity had a limited impact on relative neutron
intensity. The relationship between relative epithermal and fast neutron
intensities and hydrogen abundance remained consistent regardless of
solar activity, albeit with different absolute intensities. The relative
thermal neutron intensity showed slight fluctuations, especially with
high hydrogen levels. This could be attributed to variations in the depth
profile of subsurface neutrons. Additionally, the production depth of
leakage neutrons decreased with increased subsurface hydrogen due
to greater neutron scattering and capture reactions. For instance, the
average production depth was Ì20% (thermal and epithermal) and
Ì5% (fast) smaller with a hydrogen abundance of 1000 ppm compared
to the dry composition. It is worth noting that subsurface hydrogen had
less impact on the angular distribution parameter ⌘.

The soil temperature is one of the factors affecting the leakage
neutron flux (Feldman et al., 2001; Little et al., 2003). The calculations
revealed spectral variations in leakage neutrons below approximately
0.5 eV within the thermal neutron range. Fig. 8 shows the hydrogen

Fig. 6. Leakage neutron energy spectra with subsurface hydrogen abundances of 0–
10000 ppm at the solar minimum period. The spectral shift due to the subsurface
hydrogen was distinguishable with greater hydrogen levels than 100 ppm.

Fig. 7. Subsurface hydrogen abundance as a function of leakage neutron intensity.
The intensity is normalized to the dry composition. The solid and dashed lines denote
the solar minimum and maximum periods for relative thermal neutron intensity,
respectively. Relative epithermal and fast neutron intensities are almost identical for
the solar minimum and maximum periods.

abundance as a function of the relative thermal neutron intensity for
soil temperatures of 50–400 K. The thermal neutron intensity was sup-
pressed at colder temperatures and increased at warmer temperatures,
varying by Ì14% for the dry composition in this temperature range. In
contrast, intensities of non-thermal components (epithermal and fast
neutrons) were constant within 0.6%. Furthermore, the temperature-
dependent variation of thermal neutrons depended on the subsurface
hydrogen abundance. The most significant changes were observed at
higher soil temperatures. This temperature effect can be attributed to
neutron absorption reactions. As soil temperature decreased, thermal
neutrons declined due to lower neutron energy and increased absorp-
tion cross-section at lower neutron velocities. Neutron absorption also
became more prominent when low-energy neutrons increased through
scattering with subsurface hydrogen. In scenarios like lunar rover mis-
sions where soil temperature variations can be significant, monitoring
surface soil temperature becomes crucial for accurate subsurface hy-
drogen estimation when using thermal neutron information for water
detection.

3.3. Localization effect of subsurface water in the layered model

Fig. 9 shows leakage neutron energy spectra for the layered model
with a total hydrogen abundance of 500 ppm in the top 1.5 m. For
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• We performed Geant4 Monte Carlo particle simulations to evaluate lunar surface 
neutrons induced by galactic cosmic rays at several situations of subsurface water. 

• Combined measurements of thermal, epithermal, and fast neutrons can be used to 
estimate the thickness, depth, and moisture content of water resources under the 
surface. 

Simulated cosmic-ray induced neutron spectrum
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Simulated cosmic-ray induced neutron spectrum

• We performed Geant4 Monte Carlo particle simulations to evaluate lunar surface 
neutrons induced by galactic cosmic rays at several situations of subsurface water. 

• Combined measurements of thermal, epithermal, and fast neutrons can be used to 
estimate the thickness, depth, and moisture content of water resources under the 
surface. Kusano, Nagaoka, Enoto, et al., Planetary and Space Science (2024) 

see also Feldman et al. (1998), Lawrence et al. (2006), Sanin et al. (2017) 
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Developments of the scintillator-based MoMoTarO 
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• Helium gas detectors are popular for neutron measurements, but recently expensive. 
• We employed lithium-doped plastic scintillators and multi-pixel photodetectors 

(SiPM), which are less expensive, resistant to vibration, compact and power-saving. 
• Thanks to the pulse waveform difference, we can utilize Pulse Shape Discrimination 

(PSD) technique to discriminate thermal, fast neutrons and gamma rays, which 
provide high S/N ratio with excluding background gamma-ray events. (Note. gamma 
rays can be also used to know composition of the lunar soil). 

Gamma-rays 
Neutrons

Physical processes of the scintillator 



Lunar simulant experiment at low-water content 
• In collaboration with civil engineering experts, we have 

established a method for controlling extremely low water 
content (<1% by weight) of lunar regolith simulant (FJS-1). 

• We have verified that the lunar water content can be measured 
non-contactly down to 1% or less using the MoMoTarO, and 
the results are consistent with our Geant4 simulation result. 

• By further using epithermal neutrons, we expect to achieve the 
measurement of extremely low water content level at <~0.5%.
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Space verification on the ISS planned in 2026
• Selected as a space project at the ISS in 2026  to install the MoMoTarO-ISS on the 

the Japanese exposed experiment module “Kibo” (i-SEEP/SpySE) for six months.  
• MoMoTarO-ISS module is composed of 8 scintillator plates: total weight < 2 kg, size < 

CubeSat 2U (100x100x138 mm3), drive voltage 5 V, and total power < 3.5 W 
• Currently conducting environmental testing on the ground with the aim of improving 

the Technical Readiness Level (TRL) in space verification supported by Space BD.  
• We can also aim at measuring gamma-ray bursts, solar/albedo neutrons for science. 

Gamma-ray Burst
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“Cislunar science” using the lunar exportation 
• We aim to deploy multiple 

MoMoTarO detectors on lunar rovers 
and the lunar orbiter. This radiation 
measurement network around the 
moon will be able to detect many 
gamma-ray bursts (GRBs).  

• This will establish a new framework 
for "Cislunar science."  



High-energy astro/particle physics on the Moon
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expressed as a set of annuli: the third column gives the source
of the location: either sc1–sc2 (triangulation annulus derived
using sc1 and sc2), or “Ecl.Lat” (range of ecliptic latitudes), or
“Pos.Instr” (“Instr” is one of the following: “SWI” for Swift-
BAT or XRT, “GBM” or “LAT” for Fermi, and “GEC” for
GECAM localizations), or “Occ.sc” (planet blocking for s/c);
Columns 4–8 list the R.A. and decl. of the annulus center, the
annulus radius θ, and the 3σ uncertainties in the radius d−(θ),
d+(θ). Planet blocking, ecliptic latitude range, and autonomous
localizations are given only if they constrain the location.

Table 4 gives the description of the final IPN error regions
(including the 27 imaged bursts). The nine columns contain the
following information: (1) the burst designation (see Table 2);
(2) the number of error regions for the burst, Nr: 1 or 2; (3) and
(4) the R.A. and decl. of the most probable burst location for
each region; (5) the maximum dimension of the region (that is,
the maximum angular distance between two points at the
99.73% probability region boundary); (6) the minimum
dimension of the region (that is, the full-width of the narrowest
annulus forming the region); (7) the area (for two regions the
area of each region) enclosing 99.73% probability. Distribu-
tions of the region dimensions and areas are shown in Figure 4.

5. Conclusions

This paper continues a series of catalogs of GRB localizations
obtained by arrival-time analysis, or “triangulation”, between the
s/c in the 3rd IPN, as summarized in Table 5. We have presented
the most comprehensive IPN localization data on 199 KW short
bursts detected between 2011 January 1 and 2021 August 31.

With one exception, IPN localizations were obtained for these
events (for GRB20171108_T51656 observed by KW only, the
source position is constrained to the Fermi Earth-occulted region

Figure 4. Distributions of minimum sizes (left) and areas (right) of the IPN localizations. Blue dotted lines: 94 Konus short bursts observed by at least one distant s/c;
red dashed lines: 105 bursts not observed by any distant s/c. The minimum region dimensions range from 0°. 033 (2 0) to 3°. 32 with a mean of 0°. 17, and a geometric
mean of 0°. 11 (for bursts observed by distant s/c) and from 0°. 043 (2 6) to 36°. 5 with a mean of 1°. 5, and a geometric mean of 0°. 6 (for bursts without distant s/c
detections). The areas range from 0.005 deg2 (18 arcmin2) to 14.4 deg2 with a mean of 0.70 deg2, and a geometric mean of 0.12 deg2 (for bursts observed by distant
s/c) and from 0.156 deg2 to 3163 deg2 with a mean of 103 deg2, and a geometric mean of 11.0 deg2 (for bursts without distant s/c detections).

Table 5
IPN Catalogs of Gamma-Ray Bursts to Date

Years Covered
Number
of GRBs Description

1990–1992 16 Ulysses, Pioneer Venus Orbiter,
WATCH, SIGMA, PHEBUS GRBsa

1990–1994 56 Granat-WATCH supplementb

1991–1992 37 Pioneer Venus Orbiter, Compton
Gamma-Ray Observatory, Ulysses

GRBsc

1991–1994 218 BATSE 3B supplementd

1991–2000 211 BATSE untriggered burst supplemente

1992–1993 9 Mars Observer GRBsf

1994–1996 147 BATSE 4Br supplementg

1994–2010 279 First Konus short burstsh

1996–2000 343 BATSE 5B supplementi

1996–2002 475 BeppoSAX supplementj

2000–2006 226 HETE-2 supplementk

2008–2010 146 First GBM supplementl

2010–2012 165 Second GBM supplementm

2011–2021 199 Second Konus short burstsn

Notes. a Hurley et al. (2000a); b Hurley et al. (2000b); c Laros et al. (1998);
d Hurley et al. (1999a); e Hurley et al. (2005); f Laros et al. (1997); g Hurley
et al. (1999b); h Palʼshin et al. (2013); i Hurley et al. (2011a); j Hurley et al.
(2010); k Hurley et al. (2011b); l Hurley et al. (2013); m Hurley et al. (2017);
n Present catalog.
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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

(190 deg2)

(31 deg2)

(1100 deg2)

LIGO & Virgo Scientific 
Collaboration, ApJ (2017)3

• MoMoTarO is designed to detect gamma-ray bursts (GRB) on the Moon. Using the long distance 
between the Earth and the Moon, we want to precisely measure the arrival direction of GRBs using the 
principle of triangulation, as known as the InterPlanetary gamma-ray burst timing Network (IPN). 

• If we can quickly measure the directions of short GRBs associated with gravitational waves, prompt 
follow-up observations of ground-based large optical/infrared telescopes can determine their host 
galaxies. We can contribute to gravitational wave cosmology. 

• We are also aiming to measure the neutron lifetime using MoMoTarO series around the Moon. 
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榎戸さんが作ったFPGAボード
(Pengui board)

SPRESENSEの拡張ボード

SPRESENSEのメインボード 組み合わせた様子

Educational DAQ 
PENGUIN board 

used with the Sony  
Spresense boards

Education and outreach for next space generation 
• Education of new generation for future space experiments is important for this 

long project: Developed new educational boards and small balloon experiments. 
• Ph.D students of our team were awarded in two contests for small satellites by 

the proposal of lunar orbiter water resource exploration: Satellite design content 
in Japan (2022), and small sat conference in US (2023).  

• Attracting wide interest of different players: e.g., visit and conversations with the 
two MEXT ministers (politicians), and outreach through academic crowdfunding.

10

Small Sat Conference, 31st 
Annual Frank K. Redd Student 
Competition (2023 August 10)

Ph.D members MEXT minister

Visit of the MEXT Minister  
(RIKEN, 2022 August, 31)

Enoto



Academic crowdfunding for future 
cislunar science (until October 17)



Summary 
• Moon Moisture Targeting Observatory (MoMoTarO) is a neutron and 

gamma-ray radiation monitor and means multidisciplinary collaboration 
for future lunar rovers payloads to search for water resources. 

• We developed a new scintillator-based and multi-layer radiation detector 
to measure thermal, epithermal, and fast neutrons simultaneously with 
gamma rays (GRBs) using the pulse shaper discrimination technique.  

• We established an on-ground examination method of low water-content 
lunar simulant and verified the capability of water-content measurement 
of MoMoTarOs supported by the Geant4 particle simulations.  

• We will bring the MoMoTaro to the ISS in 2026 for the first space 
verification test, and hope to detect solar neutron events and GRBs, 
which will be performed around the Moon. 

Czech-Japanese collaboration for the GRB IPN network? 


