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Introduction:  The negative muon is   an 

elementary particle having 207 times larger mass than 

that of an electron. When a muon is introduced and 

stopped in a material, it makes muon atomic orbit 

around the nucleus like an atomic electron due to its 

negative charge. After that, characteristic muonic X-

rays are emitted during muon transitions among muon 

atomic orbits by the muon cascading process, and 

finally the muon reaches the muonic 1s state. Due to 

the large mass of a muon, the energies of muonic X-

rays are very high. For example, the energy of muonic 

carbon (2p-1s) X-ray is 75 keV. 

In the last decades, the elemental analysis method 

measuring muonic X-rays has been developed [1]. 

High energy muonic X-rays can be detected even if the 

muonic X-rays are generated deep inside the sample, 

that is, non-destructive elemental analysis, including 

light ones, is possible using muon. This method has 

already been applied for analysis of the precious 

samples; regioselective elemental analysis of 

archeological artifacts [2], and carbon analysis of 

carbonaceous chondrites [3]. In this study, we applied 

this method to a return sample from the Cb-type 

asteroid Ryugu to clarify the bulk elemental 

composition of the stones [4]. 

Experimental:  Muon elemental analysis for the 

stones of Ryugu was conducted at the Muon Science 

Establishment (MUSE) in J-PARC [5]. We prepared a 

muon analysis chamber at the D2 experimental area in 

J-PARC MUSE as shown in Figure 1. The chamber 

was connected to an acrylic glove box for 

manipulating asteroid samples. The samples in a 

desiccator were taken in and out of the glove box. We 

covered the inner wall with 0.3 mm thick pure copper 

sheets, to eliminate carbon signals from the glove box. 

Furthermore, the asteroid materials were handled in a 

clean environment by filling the inside with helium gas 

to eliminate the effects of terrestrial contamination 

(atmospheric N and O) and monitoring the dew point 

and oxygen concentration there. The dew point in the 

chamber was kept below -50 °C, and the oxygen 

concentration was kept below 0.1% for the entire 

duration of the experiment.  

We prepared 10 Ryugu stones: four Chamber A 

grains from the first touchdown site (A0026, A0064, 

 
Figure 1: Photo of muon elemental analysis 

system. In the actual analysis, the inner wall of 

the chamber was covered by a Cu plate to 

eliminate C signals by muon stop in the acrylic 

glove box.  
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A0067 and A0094) and six Chamber C grains from the 

second touchdown site (C0002, C0025, C0033, C0061, 

C0076, and C0103) for the analysis. All these stones 

were measured as one sample simultaneously. The 

total weight of the sample was 126.6 mg. Muonic X-

rays emitted after muon stop in the sample were 

measured by six high-purity germanium detectors 

equipped around the chamber. The incident momentum 

of the muon beam was tuned to be 29.2 MeV/c, which 

corresponds to 4 MeV in kinetic energy, and the 

energy dispersion was about 5%. At this energy, the 

central stopping depth of muon in the sample was 

estimated to be 0.84 mm from the surface. The 

duration of muon irradiation for the Ryugu sample was 

116 hours.  

For the comparison, we also analyzed Orgueil (CI) 

and Murray (CM) in the same experimental setup for 

118 and 43 hours, respectively. The total weights of 

the Orgueil and Murray samples were 195 mg and 

306.5 mg. Muonic X-rays of C, N, O, Na, Mg, Si, S 

and Fe atoms were also measured using the standard 

samples to determine peak energies of muonic X-rays 

from these elements.  

In the analysis, only coincidence signals with muon 

beam pulse were extracted to reduce the background 

component. Each muonic X-ray peak was fitted with a 

Gauss function with a linear background component. 

The small absorption effect of muonic X-rays by the 

sample itself was estimated by Monte Carto simulation 

[6]. 

Results and Discussion:  The obtained spectrum 

for the Ryugu sample is shown in Figure 2 together 

with Orgueil. Muonic X-rays derived from C, N, O, Na, 

Mg, Si, S and Fe atoms were clearly identified, 

showing that means these elements are the main 

components of Ryugu. The signals from Be and Cu 

were background derived from the analysis system. 

The spectra obtained from Ryugu and Orgueil samples 

are very similar, indicating that the major elemental 

composition of Ryugu is close to that of Orgueil. 

For the quantification of elemental composition in 

Ryugu, a calibration curve was prepared for each 

element using the observed elemental composition and 

intensity ratio of muonic X-ray of each element to Si 

from the powdered Murray sample of which chemical 

composition was well determined by SEM-EDS 

analysis. The mass ratios of C, N, O, Na, Mg, S and Fe 

relative to Si of Ryugu were obtained as 0.338(8), 

0.019(9), 3.152(99), 0.039(6), 0.890(21), 0.510(19), 

and 1.620(40), respectively. The elemental mass ratios 

of Ryugu are in good agreement with the reported 

values for CI [7], except for O; the content of O is 

clearly lower than the reported value. We found 

deviation on the N/Si and Na/Si ratios of Ryugu from 

these of Orgueil, but these ratios of Ryugu determined 

based on Murray are well agreed with the CI [7]. So 

we concluded that N and Na in the Orgueil sample we 

analyzed were depleted, possibly due to the terrestrial 

alteration. The C/O and C/N ratios in Ryugu were 

obtained as 0.107(3) and 18(8), respectively. The C/N 

ratio ranges within the variation of reported bulk CI, 

CM chondrites and Tagish Lake but is obviously 

higher than that of IDPs [8]. On the other hand, the 

observed C/O ratio is higher than those of CI 

chondrites [9] and much lower than those of IDPs [10]. 

In summary, a non-destructive bulk elemental 

analysis for the stones of Ryugu using muon was 

conducted. The elemental composition of Ryugu is 

very similar to CI and Ryugu can be classified as CI 

chondrite. 
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Figure 2: Muonic X-ray spectrum for Ryugu 

together with that for Orgueil.  
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