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Abstract

:

Scientists, curators, historians and archaeologists are always looking for new techniques for the study of archaeological artefacts, especially if they are non-destructive. With most non-destructive investigations, it is challenging to measure beneath the surface. Among the vast board of techniques used for cultural heritage studies, it is difficult to find one able to give information about the bulk and the compositional variations, along with the depth. In addition, most other techniques have self-absorption issues (i.e., only surface sensitive) and limited sensitivity to low Z atoms. In recent years, more and more interest has been growing around large-scale facility-based techniques, thanks to the possibility of adding new and different insights to the study of material in a non-destructive way. Among them, muonic X-ray spectroscopy is a very powerful technique for material characterization. By using negative muons, scientists are able to perform elemental characterization and depth profile studies. In this work, we give an overview of the technique and review the latest applications in the field of cultural heritage.






Keywords:


muonic X-ray; muonic atoms; muon spectroscopy; elemental analysis; depth profiling; archaeometry












1. Introduction


Non-destructive elemental analysis is a fundamental step in the study of an archaeological artefact. By knowing the composition of a material, scientists, historians, and curators can make assumptions about the manufacturing process of an object, investigate the origins of the material or infer information about the historical context of populations. Nowadays, many techniques can provide such information: X-ray fluorescence (XRF), scanning electron microscopy (SEM), particle-induced X-ray emission (PIXE) or mass spectroscopy (MS) [1,2,3,4]. However, some of these techniques (XRF, PIXE and SEM) have problems in overcoming the alteration patinas that could be present in freshly excavated or corroded samples, and some of them (SEM and MS) are invasive and destructive techniques. In archaeological metals and metal alloys, especially, alteration phases are quite common, not only on the surface of the sample but also in the first layers of the material. However, the above-mentioned techniques are only surface and near-surface methods, and no information from the core of the material is acquired. On the other hand, bulk analysis with neutron-based techniques [5], due to their high penetration depth, do not give information about the surface and the first layers of the investigated material. Depth profiling is possible for other types of samples, such as paintings (here, however, we omit discussion, but recommend [6]). Therefore, it is critical to have a technique that provides information both from the surface and from the core of a sample. In recent years, a new tool for non-destructive surface and bulk analysis is represented by Muonic Atom X-ray Emission Spectroscopy (μ-XES) [7]. The basis of μ-XES is similar to X-ray fluorescence: it relies on the interaction between a fundamental particle—the negative muon—and a capturing material and the detection of the following X-ray emission. Given that the muon mass is about 200 times bigger than the electron, the emitted X-rays are highly energetic. This allows overcoming problems of self-absorption of common techniques, such as XRF or PIXE, and makes low Z atoms detectable. For example, the Kα transition energy for muonic lithium (Z = 3) is 19 keV [8], which corresponds to the energy of the Kα of rhodium (Z = 45) in conventional X-ray fluorescence. Furthermore, as mentioned above, the muon is bigger than the electron but smaller than the proton—this mass difference corresponds to a less effective bremsstrahlung effect (compared to electrons) and a deeper penetration depth (compared to protons), thus making bulk analysis feasible. Finally, by varying the energy of the incident muon beam, it is possible to vary the penetration depth and select the position of the analysis. For these reasons, muonic atom X-ray spectroscopy represents an invaluable tool for elemental analysis; owing to the high penetration depth and negligible self-absorption effects, it can overcome the problems of the aforementioned techniques and give new insights into the study of an archaeological artefact. In this paper, we give an overview of the technique and review the latest applications in the field of cultural heritage.




2. Muons


2.1. Properties of the Muon and Muon Capture


Muons are elementary particles (leptons) identified by the Greek letter “μ” that can be positively or negatively charged. With a mass that is almost 207 times the mass of the electron, a negative muon is considered a “heavy electron”, with an electric charge of −1 and ½ spin. As an unstable particle, the muon has a mean lifetime of 2.2 μs. The negative muon, other than the decay process, can experience capture by an atom, giving rise to the so-called “muonic atom” (Figure 1): the time scale of this process is in the order of 10−13 s.



Muonic capture starts in the outer shells of an atom, around n = 14, and the first low energy transitions interact with the outer electrons giving a strong Auger effect. As n decreases, generally from n = 5, radiative transitions become dominant, with the emission of high energy X-rays. As the muon arrives at the 1 s level, it can either decay or be captured by the nuclei of the atom. If the atomic nuclei is heavier than magnesium, capture by the nuclei is more likely to occur: the nucleus goes to an excited state that can lead to the emission of one or more neutrons and gamma rays. For a complete survey of muon capture and general applications, we recommend [9,10,11].



Given the bigger mass of the muon compared to that of the electron, muonic X-rays are highly energetic (from 0.01 MeV to 6 MeV), even for low Z materials (Figure 2). In most cases, the probability of the muon’s atomic capture is estimated to be proportional to the total number of electrons, as reported in Fermi and Teller [12] (although, some detailed models have been developed to account for some inconsistencies [13,14,15]). The detection of these high energy X-rays (and gamma) emitted from the muonic atom is the basis of the technique. Since the radiations are characteristic of the emitting atom (Figure 3), muonic atom X-ray spectroscopy is a very effective probe for non-destructive elemental characterization.




2.2. Muon Production and Muon Beamlines


In nature, muons are produced by the interaction of cosmic rays with the particles present in the atmosphere: there is about 1 muon/second striking on your palm as you read this article. However, to conduct negative muon experiments for elemental analysis requires a greater data rate. These increased data rates are achieved by using a proton accelerator in which the protons (with energies greater than 500 MeV) strike a target, often carbon. If any of these protons collide with a proton/neutron from the carbon target, it will result in the production of pions. In this case, the negative pions decay into negative muons, after about ~26 ns. In the muon beamline, initially, the pions are extracted from the carbon target: these decay in-flight into muons and the muons are transported to an area where the instrument and material of interest is placed. An example beamline is shown in Figure 4. The beam of muons is focused by the quadrupole magnets and the momentum (or energy) of the muons is controlled by the bending (or dipole) magnets. By controlling the momentum/energy, the penetration depth of the muons can be controlled. The momentum can be varied from 15 MeV/c to 120 MeV/c at ISIS, these of course will vary slightly from facility to facility. The penetration depth, R, can be determined by:


R = ap3.5








where a is inversely proportional to the stopping power (which only slightly depends on the element) and p is the momentum.



There are a number of programs that can model the stopping profile, e.g., GEANT4, G4beamline, SRIM/TRIM [17,18,19]. A popular and easy-to-use program is SRIM/TRIM, which can simulate these stopping profiles, and may give a more accurate result, by including contributions from many physical processes. A typical maximum penetration depth is about 1 cm in a metal (e.g., copper, silver, iron) and more in less dense materials (e.g., carbon ~2.8 cm and water ~6.1 cm). These calculations have been confirmed experimentally by some studies [7,20,21], which also show the depth selectivity (Figure 5).




2.3. Muon Instrumentation


Muonic X-ray instruments for cultural heritage experiments are currently installed at J-PARC and MuSIC (Japan) and ISIS (UK) muon facilities [24,25,26] and under development at PSI (Switzerland) [27] and TRIUMF (Canada). Generally, the instruments consist of several detectors placed around the sample position, as in Figure 6. In most cases, high purity germanium detectors are in place, but Si(Li) detectors can also be used. The latter, however, are limited to low energy measurements (up to 100 keV) and for measuring high-energy muonic X-rays, high-purity germanium detectors are a more convenient choice. Germanium detectors can cover a wide energy range, from a few keV to tens of MeV, as the range depends on the size, quality and geometry of the crystal [28,29]. Figure 6 shows the current setup at ISIS—to improve collection efficiency and optimise data collection, two different types of detectors with different energy ranges are placed upstream and downstream with respect to the sample position (high energy from 100 keV to 8 MeV and low energy from 10 keV to 1 MeV).





3. Application to Cultural Heritage Science


In this section, we will review some of the latest work regarding cultural heritage applications. The first application of the negative muons for the characterization of material is dated back to the 1980s [30,31,32], but only in the last ten years, applications for cultural heritage have been developed, especially for elemental characterization and depth profile studies. An initial study on the characterization of archaeological artefacts was carried on by analyzing a Chinese bronze mirror and a bronze horse model in Japan [20]. As for elemental characterization, depth profiling was also carried out at ISIS, where a multilayered sample was studied by varying the beam energy, thus obtaining information about all the layers [7,23] (Figure 5).



3.1. Coinage Debasement


Among all archaeological findings, coins are one of the best tools for historians to assess the fiscal health of the issuing state. Lots of studies have been carried out, but most of them, when non-destructive, could only probe the surface of the sample, or destructive techniques are used. Muonic X-ray spectroscopy, instead, can penetrate deep into materials and can give information about the bulk of the coin, especially when debasement is expected. Debasement is a reduction in the quality of the coin, where the surface is enriched in precious material, such as gold or silver, while the bulk contains less precious materials such as copper [33]. For example, towards the end of the Roman empire, silver coins witnessed a strong debasement: most of them were enriched on the surface to make the coin appear as pure silver, covering the debasement of the alloy. This was conducted by treating the coin with an organic acid that left a silver enriched surface by stripping the copper out of the alloy. In Hampshire et al. [34], a Julia Domna coin was analysed by scanning the material with a different momentum, from 17 MeV/c to 35 MeV/c.



Alongside the depth profiling, elemental analysis was performed. From the momentum scan, it is visible that at low momentum (surface or near-surface) only silver peaks are visible while going further into the sample, copper peaks are present (Figure 7a). The depth dependency is confirmed also by the elemental analysis, which clearly shows a surface enrichment of about 100 µm thickness (Figure 7b).



Coin debasement was not only mastered by the Romans: in Ninomiya et al. [21], a Japanese Tempo-koban gold coin (19th Century) was analysed with a momentum scan from ~6 MeV/c to ~15 MeV/c. The coin was already known to have a gold enrichment on the surface from other analyses, but with a strong composition bias. With this muon scan, it was possible to determine a change in gold content from the surface to the core (Figure 8). This was determined by comparing the intensity ratio of Au/Ag. The results of the analysis clearly show a higher amount of gold around the surface of the coin. Gold then, decreases in the core, aligning to other measurement values (around 57%). As in the previous example, the results are consistent with those of the literature, using other analysis methods.



Another study on Japanese coins was carried out on two Tempo-Tsuho coins [36]. In this case, muon spectroscopy was used to reveal the differences between the real coin and the counterfeit, which from eye inspection were very similar. The result of the analysis clearly shows a different composition of the two coins, as reported in Table 1. Here, the results are compared with XRF: the difference in the values could be due to the different spatial regions investigated with XRF, or from the contribution of oxide layers. Muon data can be more representative in this case: the two bronze coins seem to have the same appearance, but they have significantly different elemental compositions.



In periods of better stability instead, debasement wasn’t required. In Green et al. [37], a study on three Roman gold coins is presented. The paper compares the results from XRF analysis with the one from muonic X-ray emission. From XRF, the three coins show a high concentration of gold, almost full purity for two out of three. The issue of XRF, however, is that it only probes the first few microns of a material, so it is not representative of the alloy. Therefore, a measurement with muons is carried out. In this case, only two momenta were selected: 40 MeV/c for investigating the core of the coin and 18 MeV/c for the near-surface (Figure 9a,b). The results from the muon analysis are in remarkable agreement with that of XRF and no surface enrichment was found on these coins (Table 2). Results show that Roman gold coins were not surface-enriched, different to the silver coins. With this work, muon analysis provided a new set of information for the study of Roman coinage, showing that for gold coins, the surface is representative of the bulk.




3.2. Elemental Analysis of Bronze Artefacts


Copper and bronze were used extensively through time, leaving us with a wealth of cultural objects that are just waiting to be studied. Over the last years, some bronze artefacts were analysed by means of muon spectroscopy. In Ninomiya et al. [36], a Chinese bronze mirror (Seiun-Kyo) was measured. The mirror was measured with a momentum of 22 MeV/c. From the data analysis, results showed it composed of a ternary alloy (copper, tin and lead) with smaller amounts of other elements. To perform elemental composition, three specific peaks were chosen: 115 keV for copper, 159 keV for tin and 233 keV for lead. The elemental composition of the mirror was found to be 71.8% copper, 22.1% tin and 6.1% of lead.



Similarly, in Clemenza et al. [23] and Marcucci et al. ([38], forthcoming), Nuragic “votive” ships were characterized. Particularly, in Marcucci, two votive ships coming from the tomb of the “Tre Navicelle” were irradiated at Port 4 of the RIKEN-RAL facility. Votive ships are a unique production of the Sardinian metallurgy and in this work, the elemental composition was investigated.



From the data analysis, results show the hull of the two samples to be composed of a ternary alloy (copper, tin, lead), with a lower concentration of tin in the head and the mast, balanced by a higher concentration of lead. For sample n.6779 (Figure 10a, points A, D, E) the average composition is: copper 76.4 ± 0.3 wt.%, tin 12.2 ± 0.2 wt.% and lead 11.5 ± 0.3 wt.%. While for sample n.6780 (Figure 10b, points A, D, E), the average composition is: copper 77.4 ± 0.5 wt.%, tin 10.7 ± 0.3 wt.%, and lead 11.8± 0.5 wt.%. The variation between the composition of the head and the mast, compared to the hull, is used to make assumptions about the manufacturing technique. Here, the authors suggest that the boats were made by a two-step casting process: the first part involved the hull, while the head and the mast were added in a second phase. These two pieces were intentionally made with a different alloy, rich in lead, as reported in Figure 11; a high amount of lead, indeed, helps with the casting of complex details, since the fluidity of the alloy is increased.




3.3. Meteorites


Muonic X-ray spectroscopy can be a very useful tool for the study of extraterrestrial samples, especially for the analysis of light elements with a non-destructive approach. In Terada et al. [39], a study was carried out on meteorite fragments from carbonaceous chondrites, called Murchinson and Allende. From the results, the former contains more extraterrestrial organic material than the latter, as shown in Table 3.



The Murchinson meteorite is characterized by a significant signal from carbon, showing that it contains a large amount of organic material, as well as magnesium, carbon, silicon, iron, calcium, and sulphur. On the other hand, only magnesium, silicon, iron, potassium, and calcium were found in the Allende meteorite. In addition to these elements, aluminium has also been observed, but this is reportedly from the sample holder. Besides the multi-component analysis, the study shows another interesting application; given the possibility of depth profiling, one can measure extraterrestrial samples within their containing tubes, thus avoiding contamination from terrestrial materials. Another study on meteorite fragments is reported in [40]. Muon analysis can be a valid option in this particular field of research, to add further information but also to avoid some of the disadvantages related to other techniques, such as severe radioactivation of the sample, difficulty of bulk analysis and limited sensitivity.




3.4. Organic Materials


Thanks to the ability of the technique to detect low Z atoms, the analysis of organic materials is feasible. In some early papers [30,41], analysis of biological tissues was performed and in a more recent work, human vertebral bones were investigated [42]. An example of the technique potential is reported in Shimada-Takaura [43]. In this work, the authors analysed some precious glass bottles belonging to the OGATA Koan medicine chests. OGATA Koan (1810–1863) was a physician in the late Edo period and the bottle contained formulated medicines; however, due to the preciousness of the material and the impossibility of opening some of the containers, a non-destructive approach was mandatory. Therefore, muonic X-ray analysis was performed on two bottles, with two different momenta: 40 MeV/c and 55 MeV/c. The two selected momenta were stopped in differing parts of the sample; at 40 MeV/c, information comes from the container (glass), while at 55 MeV/c, information comes from the material in the container. The results show that the medicine is mainly composed of mercury, chlorine, sodium and oxygen, in agreement with the documents that regulated the properties of drugs (mercury and chlorine are assigned to HgCl2, while sodium and oxygen to NaCl and H2O, probably added as additives). This unique approach to the study of a sample is a further example of the quality and potential of the technique.




3.5. Isotopic Analysis


The determination of isotope composition can be a very useful tool for the study of a sample, especially for provenance studies. Most of the research [44,45], however, has a destructive approach; a non-invasive approach could be performed by muon spectroscopy. It has been observed that, especially for heavier elements, there is an isotopic shift in muonic K-line energies. The nuclear size difference of the isotopes (owing to the Coulomb attraction being diluted when the isotope size is bigger) affects the muonic X-ray, resulting in a small shift in these energies. In Ninomiya et al. [46], measurements were performed on lead. Lead is the most common material used for provenance studies since ores can be distinguished by the comparison of lead isotope ratios. In the work, small but measurable shifts were observed in the Kα peaks. Another way of assessing the isotope composition is to use the gamma rays that can be emitted after negative muon capture by the nucleus. As reported in Section 2, if the muon is captured by the nuclei, it could lead to gamma-ray emissions. Hence, the emitted gamma rays can be detected and used to identify the parent nuclide responsible for the emission. There are a number of studies investigating this aspect [47,48,49,50] and values are tabulated on the IEAE website [51], while the first experiment with lead is reported in [52].




3.6. Muon Imaging


A new potential improvement to the technique is represented by muon imaging. By placing a detector behind the sample, information about the spatial distribution of the sample can be obtained, especially for light elements. In Hillier et al. [53] and Yabu et al. [54], feasibility studies of muon imaging are reported. In both works, a highly pixelated CdTe detector is used to collect the signal (cadmium telluride is a rather good material for detection, especially in the range of hard X-rays). In [53], a proximity image (Figure 12) was obtained by placing the detector behind the sample holder and measuring it at 40 MeV/c.



In [54], instead, a pinhole setup was used. In this study, the sample was composed of four different layers, one of which was made of small squares of lithium fluoride, as shown in Figure 13a. From the result, the LiF squares are resolved by the detector, as shown in Figure 13b, which covers the range from 27 keV to 35 keV. These two preliminary studies show the possibility of direct imaging: by adding the information coming from depth profiling, one can develop a three-dimensional analysis.





4. Future Developments and Access


Developments are underway at all facilities such that the sensitivity and the accuracy of the technique can be improved. This could be done, for example, by increasing the solid angle coverage of the detectors (i.e., the instrument setup relatively easy) and by increasing the muon flux (accelerator development, much harder). However, plans are in place to increase data rates by at least one order of magnitude to several orders of magnitude, which will enable a rapid expansion of the technique and/or new instrument plan at muon facilities, such as ISIS and J-PARC. As stated before, the technique utilizes a large accelerator, so the material of interest be to be moved to the facility. There are various routes to obtain access to these facilities, that are dependent on the facility. However, in general for academic research these are free at the point of use and are peer-reviewed; yet, other routes are available, including paying for access.




5. Conclusions


Muonic X-ray spectroscopy is still a novel, yet very powerful, technique. The non-destructive approach, the sensitivity to low to high Z atoms and negligible self-absorption of the X-rays make the technique suitable, especially, for cultural heritage research. However, the examples reported in the work show that the fields of applications are many and not strictly correlated to heritage science. They define, though, a technique with enormous potential. Muonic atom X-ray spectroscopy is a multi-elemental technique (from lithium to uranium) able to characterize both the superficial layer and the bulk of the material within the same experiment in a non-destructive way. This is an invaluable characteristic in the field of cultural heritage analysis, especially for ancient coins, since it is capable of detecting surface treatments and enrichments. The technique can also provide information about the manufacturing process of an artefact; due to the energy scan, it is possible to characterize different parts of a sample and see, for example, how pieces were welded together. Furthermore, although it is not yet implemented, the ability to scan the material makes 3D imaging feasible. Finally, future perspectives are represented by the isotopic analysis; owing to gamma prompt reactions and energy shifts in the muonic X-rays (due to the mass differences), it is possible to detect the presence of different isotopes in the material. This will be of inestimable value for provenance studies, especially for lead isotopes, since the techniques used nowadays have a destructive approach. In this way, rare and precious material that cannot be studied because of the prohibition on sampling could be analysed in a non-destructive way.
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Figure 1. Muonic capture process. The muon then has a finite probability of being captured by the nucleus and may emit a gamma. The figure was taken and adapted with permission from Ref. [7] © 2016, Elsevier Ltd. 
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Figure 2. K-alpha energy values for the elements of the periodic table. Values are listed in [8,12]. Data was taken and adapted with permission from Ref. [7] © 2016, Elsevier Ltd. 
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Figure 3. A typical pure silver spectrum. (a) With low energy detectors (up to 1 MeV), low energy transitions are detected. Since the muon travels to the nucleus across the energy states of the muonic atom, most of the transition can be detected; (b) high energy transition of silver. Data was taken and adapted from [16]. 
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Figure 4. A schematic of the RIKEN-RAL beamline based at ISIS. Elemental analysis is currently performed at Port 4. The figure was taken and adapted, with permission from Ref. [7] © 2016 Elsevier Ltd. 
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Figure 5. Muon depth distribution over a set of different momentum: (a) lower momentum; (b) higher momentum; (c) characteristic X-ray energy distribution. (a,b) The stopping depth was calculated by taking copper as reference material, taking into account a momentum spread of 4%. The expected locations of the sample material boundary in this reference scale are shown by the dotted vertical lines, while the accumulative thickness is reported on the top axis. For a more detailed survey on particle ranges in material, see Section 34 “Passage of particles through matter” (Figure 34.4) in [22]. (c) The 3D graph shows the distribution of the characteristic muonic X-ray intensity of the elements present in the different layers, with the penetration depth (in g/cm2) reported on the top axis. The data and the figure were taken and adapted from Ref. [23]. 
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Figure 6. The experimental setup at the ISIS muon facility. Thanks to the flexibility of the experimental setup (i.e., the detectors being easily moved), samples of different shapes and sizes can be measured. The figure was taken and adapted with permission from Ref. [7] © 2016, Elsevier Ltd. 
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Figure 7. (a) Momentum scan of the sample. At low momentum, copper is absent; (b) composition of the alloy. The data obtained from the analysis are in agreement with the literature [35]. The data was taken and adapted from Ref. [34]. 
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Figure 8. Gold variation within the sample thickness. Reprinted with permission from “Nondestructive Elemental Depth-Profiling Analysis by Muonic X-ray Measurement”. K. Ninomiya, M. K. Kubo, T. Nagatomo, W. Higemoto, T. U. Ito, N. Kawamura, P. Strasser, K. Shimomura, Y. Miyake, T. Suzuki, Y. Kobayashi, S. Sakamoto, A. Shinohara, T. Sait. 2015, Analytical Chemistry, Vol. 87, pp. 4597–4600, Ref. [21] Copyright (2015) American Chemical Society. 
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Figure 9. Spectra of Tiberius (a) and Julian (b) measured coins. Gold is present in both coins with a double peak at 400 keV and 406 keV and a gamma peak at 355 keV. As mentioned before, the surface (yellow) is representative of the interior (red). Reprinted with permission from Ref [37] © 2021, Elsevier Ltd. 
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Figure 10. Drawing of the two samples and measured areas (red). (a) Model n.6779; (b) model n.6780. 
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Figure 11. Depth profile of copper, tin and lead concentration (wt.%) of the neck of the boat in boat n.6779. The tin concentration is similar in all the measured areas, while lead and copper vary more significantly. 
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Figure 12. The number of events at (a) 66 keV (Aluminum), (b) 75 keV (Carbon) and (c) 131 keV (Oxygen), corresponding to the position of the material in the sample (d). Originally published in JPS Conf. Proc. 21, 011042 (2018). Reprinted with permission from Ref. [53] © 2018 The Author(s) of Ref. [53]. 
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Figure 13. (a) Scheme of the sample; (b) position of the fluorine in the sample, within the range from 27 keV to 35 keV. Originally published in JPS Conf. Proc. 21, 011044 (2018). Reprinted with permission from Ref. [54] © 2018 The Author(s) of Ref. [54]. 
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Table 1. Elemental composition of the two coins in wt.%. The real coin is the Tempo-Tsuho (Edo), while the counterfeit is the Tempo-Tsuho (Mito). Results are compared with XRF. Data was taken and adapted from [36].
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	Sample
	Element
	Muonic X-ray

Measurement [wt.%]
	X-ray Fluorescence [wt.%]





	Tempo-Tsuho (Edo)
	Cu

Sn

Pb
	77.7 ± 1.6

12.5 ± 1.5

9.8 ± 1.5
	77.77 ± 0.01

14.45 ± 0.54

7.79 ± 0.16



	Tempo-Tshuo (Mito)
	Cu

Sn

Pb
	69.0 ± 1.9

9.9 ± 1.3

21.1 ± 2.6
	73.64 ± 0.01

12.18 ± 0.41

14.17 ± 0.12
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Table 2. Comparison of the XRF and Muon analysis. The results of the muon analysis are reported in the right columns. It is evident that the information coming from the surface (at 18 MeV/c) and the core (40 MeV/c) have no relevant difference: in this case, the surface is representative of the bulk composition. The data was taken from and adapted with permission from Ref. [37] © 2021, Elsevier Ltd.
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XRF

	
μXES—40 MeV/c

	
μXES—18 MeV/c




	
Coin

	
Mean Au [wt.%]

	
Mean Ag [wt.%]

	
Mean Cu [wt.%]

	
Au [wt.%]

	
Ag [wt.%]

	
Cu [wt.%]

	
Au [wt.%]

	
Ag [wt.%]

	
Cu [wt.%]






	
Tiberius [AD 14–37]

	
99.73 (0.1)%

	
0.27 (0.01)%

	
-

	
>99%

	
<1%

	
-

	
>99%

	
<1%

	
-




	
Hadrian [AD 134–138]

	
99.55 (0.1)%

	
0.45 (0.01)%

	
-

	
>99%

	
<1%

	
-

	
>99%

	
<1%

	
-




	
Julian II [AD 361–363]

	
95.58 (0.3)%

	
4.18 (0.03)%

	
0.24 (0.02)%

	
96 (1)%

	
4 (1)%

	
-

	
96 (1)%

	
4 (1)%

	
-
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Table 3. The muonic X-rays detected (along with the transitions) in the Murchison and Allende meteorites and the concentrations of each element. The data was taken and adapted from Ref. [39].
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	Element and (Transition)
	Energy (keV)
	Murchison

(Counts)
	Allende

(Counts)





	Calcium Ca–(Mα)
	55
	n.d.
	53 ± 23



	Magnesium Mg–(Lα)
	56
	896 ± 66
	183 ± 23



	Aluminum Al–(Lα)
	66
	10,796 ± 130
	136 ± 30



	Carbon C–(Kα)
	75
	626 ± 52
	6 ± 27



	Silicon Si–(Lα)
	76
	824 ± 58
	175 ± 32



	Iron Fe–(Mα)
	94
	1319 ± 63
	265 ± 39



	Oxygen O–(Kα)
	133
	4785 ± 111
	800 ± 38



	Potassium K–(Lα)
	140
	n.d.
	94 ± 27



	Calcium Ca–(Lα)
	156
	213 ± 41
	83 ± 28



	Aluminum Al–(Kα)
	346
	9542 ± 100
	359 ± 27



	Silicon S–(Kα)
	516
	121 ± 33
	11 ± 9
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