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Introduction:  The muon is a lepton with a mass of 

105.7 MeV/c2, approximately 200 times heavier than 
the electron. So far, electron-induced characteristic X-
ray analysis has been widely used to determine chemical 
compositions of materials in Earth and Planetary 
Science. In recent years, analysis of characteristic X-
rays from muonic atoms, in which a muon is captured, 
has attracted attention because both a muon beam and a 
muon-induced characteristic X-ray have high 
transmission abilities, of which energies are about 200 
times higher (e.g., muonic carbon-Kα is 75keV, whereas 
electron-induced carbon-Kα is 0.3 keV)[1, 2]. It is 
known that muonic X-ray analysis has great advantages 
in several ways; (1) non-destructive elemental analysis 
from light to heavy elements, (2) depth profile analysis, 
(3) isotopic measurement for heavy elements and (4) 
investigation of chemical condition (redox-state). Such 
a non-destructive muonic X-ray analysis has a great 
potential to characterize precious extraterrestrial 
samples returned by spacecrafts such as Hayabusa2 and 
OSIRIS-REx in 2020’s.  

Results: Non-destructive bulk elemental analysis 
of carbonaceous chondrite.  A 3 cm × 3 cm × 0.6 cm 
chip of Jbilet Winselwan meteorite was prepared for the 
bulk elemental analysis at the MuSIC facility (Fig. 1). 

  
Fig.1. Photograph of Direct Muon beam line 
 
The meteorite chip was exposed to the muon beam 

with the momentum of 60 MeV/c for about 20 hours, 
and a muonic X-ray spectrum emitting out from the ~3-
mm depth of the sample was obtained with a high-purity 

germanium detector. A comparison of the muonic X-ray 
spectrum from Jbilet Winselwan with the background 
spectrum (Fig. 2) shows clear detection of muonic X-
rays of Mg, C, Si, O and Fe and marginal detection of 
those of Ca and S from the meteorite sample. We 
especially note that the C-Kα signal at 75 keV from 2 
wt% of carbon in the sample is clearly distinct from that 
of Si-Lα at 77 keV. We also note that peaks for Al, Sn, 
and N were mainly from a sample holder, a masking 
shield, and the atmosphere, respectively.  

 
Fig.2. X-ray spectra of Jbilet Winselwan (CM2) 

Fig.3. Comparison of CI-normalized C/Si and Fe/Mg ratios 
of Jbilet Winselwan with those of different chemical groups 
of chondrites 
  
The depth profiling of light elements from a layered 
sample. The muon beam analysis of a four-layered 
sample consisting of SiO2 glass, graphite (C), boron 
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nitride (BN), and SiO2 glass was generated to obtain a 
depth profile of light elements. The sample is held by an 
Al holder in an Al vacuum chamber with a beam-
entrance window composed of polyimide foil. 

         

Fig.4: Geometry of the experiment and a depth-profile 
analysis of the four layered samples 

The negative muon beam was collimated to 
approximately 2.7 cm in diameter and focused on the 
sample surface (50 mm x 75 mm), which was oriented 
at 45 degrees to the beam (Fig. 4). Adjusting the muon 
momentum from 32.5 MeV/c to 57.5 MeV/c, muonic X-
rays from the sample were measured by a Ge detector. 
The accumulation time of X-ray signals was 3-4 hours 
for each muon momentum. The	 muonic	 X-ray	
intensities	 of	 B,	 C,	 N,	 O,	 and	 Si	 from	 the	 layered	
sample	are	plotted	against	the	muon	momentum	in		
Fig.3.	The	muonic	X-ray	intensity	of	each	element	is	
normalized	 to	 the	 intensity	 of	 Al-Kα	 at	 each	
momentum	 and	 to	 its	 maximum	 count	 along	 the	
depth	 profile.	 Analytical	 uncertainties	 (1s)	 are	
estimated	 from	 the	 counting	 statistics	 of	 X-ray	
counts	because	the	contributions	of	uncertainties	in	
X-ray	 detection	 efficiency	 are	 much	 smaller	 than	
those	of	counting	statistics	(typically	less	than	5%).	
Thus,	 we	 successfully	 demonstrated	 that the non-
destructive depth profile of light elements was 
successfully obtained up to ~7 mm in depth with a depth 
resolution of sub-mm. This result is hardly possible with 
other analytical techniques such as neutron activation 
analysis, X-ray fluorescence spectroscopy and electron 
probe microanalysis.  

We also attempted to measure much smaller amounts of 
meteorite samples inside glass tubes to simulate non-
destructive analyses of future return samples. Sealing 
extraterrestrial samples inside glass tubes was originally 
planned for samples from the asteroid Itokawa. 
Although Itokawa particles were not sealed in glass 
tubes due to their small sizes, sealing in a glass tube is 
one of the effective ways to avoid terrestrial 
contamination of organic materials and volatiles and 
thus could be used in future sample return missions. 
Powdered Murchison meteorite (610 mg) was placed in 
a 5-cm-long SiO2 glass tube, in which the inner and 

outer diameters were 4 mm and 6 mm, respectively. The 
muon beam collimated to approximately 2.5 cm in 
diameter, and the apparent cross section of the sample 
was 4 mm x 25 mm. After exposure of the muon beam 
with the momentum of 37 MeV/c for approximately 24 
hours, clear signals of Mg and marginally resolved 
signals of Fe were detected through the 1-mm thick 
glass wall (Fig. 4). Although O and Si are the major 
elements of rock samples, muonic X-rays of O and Si 
were emitted from the SiO2 glass tube as well, which 
cannot be distinguished from the sample signals in this 
preliminary study. Although further developments in 
analytical techniques are required, such as detector 
setting and collimation of the incident muon beam, our 
first attempt to non-destructively measure an 
extraterrestrial sample inside a glass tube succeeded 
with the detection of Mg and Fe. 

  

Fig.5: Muonic X-ray spectra from the powdered 
Murchison meteorite in an SiO2 glass tube. 

Discussion and Remarks: This study demonstrated 
that non-destructive elemental analysis of a 
carbonaceous chondrite with the muon beam can detect 
muonic X-rays from carbon at the 3-mm depth of the 
sample and that the semi-quantitatively estimated 
carbon abundance is consistent with that previously 
reported [3]. The on-going asteroidal sample return 
missions (Hayabusa2 and OSIRIS-REx) will collect 
millimeter- to centimeter-sized samples at near-Earth C-
type and B-type asteroids Ryugu and Bennu [4, 5] and 
will return the samples in 2020 and 2023, respectively. 
The present study proved that the bulk elemental 
analysis with a muon beam could be a powerful non-
destructive analytical technique to compare the returned 
samples with known chemical groups of chondrites and 
to determine the carbon content in the samples. 
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5072. [2] Terada, K. et al. (2017) Sci. Rep. 7, 15478. [3] 
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id.5377. [4] Tachibana, S. et al. (2014) Geochemical 
Journal 48, 571-587. [5] Lauretta, D. S. et al. (2015) 
Meteoritics & Planetary Science 50, 834-849. 
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peared, and the mSi-La (76 keV) and mO-Ka (133 keV) signals were
again detected. This clearly shows that the muon beam penetrated
into the depth of.5.3 mm through the layered sample, and the mSi-
La (76 keV) and mO-Ka (133 keV) frommuonic atoms in the fourth
SiO2 glass layer were emitted through the overlying layers.
The intensities of muonic X-ray signals of B, C, N, O, and Si with

1s uncertainties from counting statistics of X-rays are plotted against
the muon momentum, as displayed in Figure 3. Because the contri-
butions of mAl-Ka from the vacuum chamber and the sample holder
should be almost constant irrespective of the muon momentum, the
intensity of each peak of muonic X-ray was normalised to that of
mAl-La. The stopping depth of muons in the sample at a given
momentum was estimated based on the Bethe-Bloch formula, which
is generally used to calculate the energy loss of charged particles
travelling in a medium, using the density and thickness of each layer.
The depths corresponding to the boundaries of sample layers (indi-
cated by arrows) are consistent with the change in muonic X-ray
signals from the sample.
The self–absorption effects on mSi-La (76 keV) and mO-Ka

(133 keV) at the depth of ,7 mm are estimated to be 20% of the
densities and thicknesses of overlying layers, which are consistent
with slightly weak peak intensities of mSi-La (76 keV) and mO-Ka
(133 keV) at the momenta of 55 and 57.5 MeV/c compared with
those of the first layers (32.5 and 37.5 MeV/c) (Fig. 3).
The current depth estimate should have a ,10% uncertainty lar-

gely due to the momentum range of the incident muon beam.

Although there are further developments in experimental tech-
niques, such as momentum filtering of the incident muon beam
and a position-sensitive detector, we currently conclude that the
non-destructive depth profile of light elements was successfully
obtained up to ,7 mm in depth with a depth resolution of sub-
mm. This result is hardly possible with other analytical techniques
such as neutron activation analysis, X-ray fluorescence spectroscopy
and electron probemicroanalysis. Furthermore, muon beam analysis
displays significant potential for the analysis of light element distri-
butions within millimetre- to centimetre-sized samples.

Elemental analysis of meteorite samples.Muonic beam analysis was
applied to primitive meteorites called chondrites. Chondrites have
never been melted and remain physical aggregates of various com-
ponents that formed in the early solar system prior to planet forma-
tion. Carbonaceous chondrites are one of the various chemical groups
of chondrites, some of which contain abundant water as hydrated
minerals and organic materials17. They record the long evolutionary
history of the solar system and prebiotic organic reservoirs. Thus,
future asteroidal sample return missions (Hayabusa-2 and OSIRIS-
REx) plan to sample such materials from asteroids without terrestrial
contamination and with geologic contexts14,15.
In this study, we carried out a non-destructive muon analysis of

chips of carbonaceous chondrites, Murchison and Allende. The
Murchison meteorite contains a copious amount of diverse extrater-
restrial organic materials, while the Allende meteorite contains less
carbon than the Murchison meteorite.
The negative muon beam, collimated to approximately 4 cm in

diameter, irradiated to a ,5-mm-thick Murchison disk with the
exposed surface area of ,5 cm 3 ,10 cm. The meteorite disk and
the Ge detector were oriented at 45 and 90 degrees to the negative

Figure 2 | Muonic X-ray energy spectra from the four-layered sample.
Muonic X-ray intensities (y-axis) are shown in arbitrary units with offset to
compare the spectra obtained with different muon momenta (32.5–
57.5 MeV/c). The peaks at 66 and 89 keV are attributed to Al used for a
sample holder and the vacuum chamber. The peaks of mSi-Ka and mO-Ka
were detected from the first SiO2 glass layer at the muon momentum of
32.5–40.0 MeV/c. Themuonic X-ray of C (mC-Ka) from the graphite layer
and those of B and N from the BN layer were detected at the momenta of
42.5–47.5 and 47.5–52.5 MeV/c, respectively. The peaks of mSi-Ka and
mO-Ka were detected again at the muon momentum of 55.0–57.5 MeV/c
from the bottom SiO2 glass layer through the three overlying layers.

Figure 3 | The depth-profile of the four-layered sample. The muonic
X-ray intensities of B, C, N, O, and Si from the layered sample are plotted
against themuonmomentum. Themuonic X-ray intensity of each element
is normalised to the intensity of mAl-Ka at each momentum and to its
maximum count along the depth profile. Analytical uncertainties (1s) are
estimated from the counting statistics of X-ray counts because the
contributions of uncertainties in X-ray detection efficiency are much
smaller than those of counting statistics (typically less than 5%). The
stopping depth of muons at a given momentum is estimated from the
Bethe-Bloch formula, and the expected layer boundaries are indicated by
arrows.
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Ge detector. Only 1% of the total emitted muonic X-rays can be
detected by the Ge detector (5 cm in diameter) with the current
experimental set-up, which will be significantly improved, i.e., with
multiple detectors covering a much larger solid angle.
We also attempted tomeasuremuch smaller amounts ofmeteorite

samples inside glass tubes to simulate non-destructive analyses of
future return samples. Sealing extraterrestrial samples inside glass
tubes was originally planned for samples from the asteroid Itokawa.
Although Itokawa particles were not sealed in glass tubes due to their
small sizes19–21, sealing in a glass tube is one of the effective ways to
avoid terrestrial contamination of organicmaterials and volatiles and
thus could be used in future sample return missions.
Powdered Murchison meteorite (610 mg) was placed in a 5-cm-

long SiO2 glass tube, in which the inner and outer diameters were
4 mm and 6 mm, respectively. The muon beam collimated to
approximately 2.5 cm in diameter, and the apparent cross section
of the sample was 4 mm3 25 mm.After exposure of themuon beam
with the momentum of 37 MeV/c for approximately 24 hours, clear
signals of Mg and marginally resolved signals of Fe were detected
through the 1-mm thick glass wall (Fig. 6). AlthoughO and Si are the
major elements of rock samples, muonic X-rays of O and Si were
emitted from the SiO2 glass tube as well, which cannot be distin-
guished from the sample signals. Although further developments in
analytical techniques are required, such as detector setting and col-
limation of the incident muon beam, our first attempt to non-
destructively measure an extraterrestrial sample inside a glass tube
succeeded with the detection of Mg and Fe.

Discussion
This study demonstrates that muon beam analysis is feasible for
the non-destructive elemental analysis of light elements in extra-
terrestrial samples. This technique is complementary to other
non-destructive analytical techniques, such as synchrotron X-ray
microtomography and synchrotron X-ray diffraction, both of which
have been used for preliminary examination of Itokawa particles19,20

to obtain structural and mineralogical information. Neutron activa-
tion analysis was also applied to Itokawa particles for bulk elemental
analyses, including trace elements21. X-ray photoelectron spectro-
scopy (XPS)22,23 and X-ray absorption spectroscopy (XAS)24 at syn-
chrotron facilities have been used to identify the chemical bonding
of elements. Synchrotron X-ray absorption near-edge structure
(XANES) spectroscopy has been used to identify chemical bonding
and functional groups in cometary organic matter sampled from the
comet 81P/Wild 2 by the Stardust spacecraft25. Nuclear reaction
analysis (NRA) can be used to determine the contents and distri-
bution of C, N, andO inminerals26. The recent development of direct
tomography with chemical bond contrast using synchrotron X-ray
has made it possible to make a 3D map of the chemical bonding of
light elements in a cm-sized sample with a spatial resolution of
,100 mm27. These techniques have not only benefits but also disad-
vantages, including severe radioactivation of samples, limitations in
sample size and analytical area and/or depth, limited number of
measurable elements, and difficulties in bulk analysis. Muon beam
analysis is capable of performing a bulk analysis of light to heavy
elements at one time without severe radioactivation and is thus a
unique and complementary analytical method.
J-PARCMUSE plans to increase the power of the proton beam, of

which irradiation of a graphite target produces themuon beam, up to
1 MW13. The muon beam intensity will increase to ,107 count/s
(i.e., ten times larger than the current beam), which will yield a
significant improvement in the counting statistics of muonic X-ray
detection. The counting statistics will also be improved by develop-
ment of the detection system (e.g., multiple Ge detectors covering a
larger solid angle28).With amore effective detector setting, the chem-
ical structure states of Fe may be determined because the muonic X-
ray structure, such as mKa/mKb ratios, could depend on chemical
structure state29,30. Iron is present asmetallic Fe-Ni, iron sulfides, FeO
in silicates and chondrites, and its oxidation state has long been used
as one of the classification criteria of chondrites. Moreover, this
method has a future prospect of non-destructive three-dimensional
mapping of multi-elements using, for instance, a position-sensitive
detector with a large cross-section, such as ComptonCamera31,32, and
may represent the dawn of another ‘‘eye’’ after the proposition of
muon radiography by Rosen4 more than forty years ago.

Methods
Themuon science facility (MUSE) is located in theMaterials and Life Science Facility
(MLF), a facility that includes both neutron andmuon science programs, at the Japan
Proton Accelerator Research Complex (J-PARC) in Tokai, Japan. MUSE currently

Figure 5 | Correlation between the elemental concentration and the
captured muon counts. The captured muon counts by each element,
normalised to those of Mg, are plotted against the Mg-normalised weight
concentrations of elements in meteorite samples33 after correction of the
energy-dependent detector efficiency and the emission probabilities of the
Ka and La fluorescent lines. The captured muon counts correspond to the
characteristic muonic X-ray counts. Error bars show analytical
uncertainties (1s) estimated from the counting statistics of X-ray counts.

Figure 6 | Muonic X-ray spectra from the powdered Murchison
meteorite in an SiO2 glass tube. A clear signal of Mg and a marginally
resolved signal of Fe from the sample were detected through the 1-mm
thick SiO2 glass wall. The intense signal of Si originated from the SiO2 glass
tube. The muon beam momentum was set at 37 MeV/c, and the exposure
time was 24 hours.
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