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Abstract
Elemental isotopic ratios are measured in various research fields and provide useful information regarding age, origin, 
geological and biological activities, ancient climate, etc. Here, we report a new isotopic analysis method without sample 
destruction using muon-induced characteristic X-rays. We demonstrated this method by conducting muon-beam irradiation 
experiments on two Pb plates with different isotopic ratios: natural isotopic composition and artificially enriched 208Pb. The 
observed broad X-ray peaks of the Pb Kα line around 6 MeV were deconvolved with 206Pb, 207Pb, and 208Pb isotopes, giving 
the isotopic ratios. The resulting isotopic ratios were consistent with those obtained from mass spectrometry.
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Introduction

The isotopic composition as well as chemical composition 
of a material provides important information on various 
natural phenomena and human activities through the associ-
ated isotopic effects of chemical and physical reactions (e.g. 
evaporation, condensation, diffusion, isotopic exchange, 
radiometric decay, etc.). Specifically, isotopes of Pb are of 
particular importance in archaeology, Earth and planetary 
science, and other scientific fields because they provide 
insights into the origin of the material [1, 2]. For example, 
the isotopic ratio of Pb can identify the production area of 
archaeological artefacts (e.g. bronze products) because the 
ratio depends on the origin of the ore [3, 4]. This is owing 
to the inhomogeneous distribution of uranium and thorium 
deposited by Earth’s formation, which continually produce 
lead by radioactive decay. In the field of Earth and planetary 

science, on the other hand, the isotopic ratio of Pb has been 
used to determine the crystallization and/or alteration age 
of minerals [5, 6].

Various methods of determining the isotopic ratios of 
various samples exist. The majority of these methods are 
based on mass spectrometry owing to its high level of accu-
racy. The application of mass spectrometry, however, neces-
sarily results in sample destruction. Thus, a non-destructive 
method of determining the isotopic ratio is highly desirable, 
especially for the analysis of precious samples.

In this paper, we report a new method of isotopic deter-
mination by measuring muon-induced characteristic X-rays. 
Muons are elementary particles with charge equal to that of 
an electron and mass 207 times that of an electron. Recent 
advances in accelerator technology have led to the emer-
gence of intense muon beams [7, 8], thus making non-
destructive elemental analysis by muonic X-ray measure-
ment practical [9].

When a muon is introduced to a substance, the muon is 
captured in the Coulomb field of the nucleus and forms a 
muonic atom. The orbit of the captured muon is very dif-
ferent from the electron’s orbit. The muon exists in highly 
excited atomic muon level just after muon capture in the 
atom and immediately de-excites to muonic 1 s level with 
emitting muonic X-rays [10–12]. The muon atomic orbit 
is very close to the nucleus and has a large binding energy 
owing to its large mass. Therefore, muonic X-rays have very 
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high energies, and as a result, those generated in the inte-
rior of a substance can easily escape from the sample. The 
selected incident energy of the accelerated muon determines 
the stopping depth in the substance whereby three-dimen-
sional muonic X-ray analysis of the resulting light elements 
is possible [13, 14]. Non-destructive elemental analysis 
using this method has already been demonstrated for serval 
valuable samples (e.g., Ninomiya et al. and Hampshire et al. 
used this method to determine the internal elemental distri-
bution in archaeological artefacts [14–17], and Terada et al. 
succeeded in quantifying carbon contents in carbonaceous 
meteorites [13, 18, 19]).

It is important to note that the muon atomic orbit is 207 
times closer to the nucleus than the electron orbit owing to 
its increased mass (i.e. 207 times that of an electron). There-
fore, the muon orbit of the inner shell (e.g. the 1 s orbit) 
is strongly affected by properties of the nucleus, especially 
the distribution of protons in the nucleus [20]. Because the 
atomic muon level is affected by the mass of the nuclide, 
the energy of the muonic characteristic X-rays depends on 
the mass of the nuclide (i.e., so-called “isotope shift”). For 
example, Kessler et al. reported the energies of muonic Kα1 
X-rays of lead atoms as 5778 keV for 208Pb, 5784 keV for 
207Pb, 5787 keV for 206Pb and 5796 keV for 204Pb [21]. 
These represent isotope shifts of serval keV. Previous stud-
ies have measured the isotopic shift of muonic X-rays to 
investigate the distribution of protons in the nucleus [20]. In 
this study, we aimed to leverage the isotope shift to develop 
non-destructive isotopic analysis methods for Pb, an impor-
tant element in archaeology and geochemistry.

Experimental

Non‑destructive isotopic analysis by muon‑beam 
irradiation

Muon irradiation experiments were carried out in the Japan 
Proton Accelerator Complex (J-PARC). The muon facility 
(MUSE; MUon Science Establishment) of J-PARC contains 
the highest intensity pulsed muon beam in the world [7]. To 
produce the muon beam, 3 GeV protons of 150-kW (primary 
proton beam intensity of 50 μA) with a 25-Hz pulse struc-
ture bombarded a graphite target. The generated muons were 
transported to the D2 beam line where an aluminium vacuum 
chamber was connected directly to the end of the beam line. 
We used two 3-g Pb samples, 22 mm in diameter and 0.7 mm 
thick, one having natural isotopic abundance (The Nilaco 
Corporation determined isotopic abundance as 208Pb: 51.5%, 
207Pb: 22.3%, 206Pb: 24.7% and 204Pb: 1.4% by mass spectrom-
etry) and the other enriched 208Pb (Pb ingot from ISOFLEX 
USA, 208Pb: 99.57%, 207Pb: 0.35%, 206Pb: 0.01%, and 204Pb: 

0.07%). Each sample was set in the centre of the chamber for 
its muon irradiation.

Four high-purity germanium detectors were placed around 
the chamber to measure the muonic X-rays emitted following 
muon capture in the sample. Three types of detectors were 
used in these measurements: one GL0110 (CANBERRA 
Ind.) detector for low-energy muonic X-ray measurement (i.e. 
0–200 keV), one GLP36360 (ORTEC Ind.) detector for the 
medium-energy region (i.e. 0–800 keV), and two GMX20P4 
(ORTEC Ind.) detectors for high-energy muonic X-ray meas-
urement (i.e. 0–8000 keV). These detectors were placed at a 
distance of 170–1150 mm from the sample. The data from 
the three GMX detectors were used in the muonic Kα X-ray 
analysis. Further details of the experimental setup are given 
elsewhere [22].

We used this setup to conduct two experiments (2016B0207 
and 2017A0177). In the 2016B0207 experiment, natPb and 
208Pb samples were irradiated for 40 and 14 h, respectively. 
In the 2017A0177 experiment, the irradiation times for natPb 
and 208Pb samples were 22 and 16 h, respectively. In both 
experiments, we selected the incident muon momentum as 
30 MeV/c, which corresponds to a kinetic energy of 4.2 MeV. 
Under these conditions, the muon beam stops at a depth of 
0.2 mm in the lead sample. The intensity of the muon beam 
depends on the muon momentum. Based on the muonic X-ray 
intensity, we estimated the number of stopped muons in the 
sample to be about 3000 /s at an incident muon momentum 
of 30 MeV/c.

Determination of isotopic ratio by mass 
spectrometry

The isotopic abundance of the natPb sample was analysed by 
the multi-turn TOF–SIMS (Time-of-Flight Secondary Ion 
Mass Spectrometry) system (OPTIMA: Osaka PosT-Ion-
ization MAss spectrometer) at Osaka University. The sam-
ple was sputtered by a Ga ion beam of a FIB system, and 
the sputtered atoms were then ionized by a femto-second 
laser system. These ions were guided to the multi-turn time-
of-flight mass spectrometer (MULTUM) and detected by a 
multi-channel plate for separation of m/z. The 204, 206, 207, 
and 208 mass-number counting rates determined the isotopic 
ratios of 208Pb/204Pb, 207Pb/204Pb, and 206Pb/204Pb. We repeated 
these measurements ten times to obtain the isotopic ratios of 
36.26 ± 0.60 for 208Pb/204Pb, 15.72 ± 0.27 for 207Pb/204Pb, and 
17.40 ± 0.29 for 206Pb/204Pb. Further details of the mass spec-
trometry measurement methods are given elsewhere [23].
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Results and discussion

Figure 1 shows the muonic X-ray spectra obtained from 
the muon irradiation experiments for natPb and enriched 
208Pb samples. Figure 1a shows spectrum for GMX detec-
tor in 2016B0207 experiment and Fig. 1b shows that for 
GLP detector. Muonic X-rays were observed in the energy 
range up to 6 MeV because the muon is 207 times more 
massive than the electron, as previously mentioned. In 
the initial stage of muonic atom formation, the muon is 
captured in a highly excited muonic orbit. There is only 
one muon in the muonic atom and all inner muon atomic 
orbits are vacant. As a result, one captured muon emits 
many muonic X-rays, such as Kα, Lα, Mα, Nα, etc., by a 
muon cascade process. Some gamma-rays emitted after 
muon absorption by the nucleus were also observed [22].

Figure 1c shows an enlarged view of the muonic X-ray 
spectra for the Kα X-ray region (5600–6200  keV) for 
one of GMX detector in 2016B0207 experiment. For the 
enriched 208Pb sample, one sharp peak was observed in 
each of the Kα1(2p1/2-1s1/2) and Kα2(2p3/2-1s1/2) X-ray 
regions. In the natPb sample, on the other hand, the Kα1 
and Kα2 X-ray peaks exhibited a broad peak and a tail com-
ponent on the high-energy side. The low-energy region of 
each broadened peak was consistent with the peak position 
obtained from the 208Pb sample. The spread of each peak 
in the high-energy region was consistent with the expected 
energy of the muonic X-rays of 207Pb and 206Pb [21].

In order to investigate the contribution from each iso-
tope, we deconvolved a fit of the broadened peaks in the 
muonic X-ray spectrum. First, we fit the single peaks of 
the Kα1 and Kα2 X-rays from the 208Pb sample with one 

Gaussian function and determined the peak centre and 
width. Using these as fixed parameters, along with peak 
centres of 206Pb and 207Pb taken from the literature, we fit-
ted the broad Kα X-ray peaks obtained from the natPb one 
of example is shown in Fig. 2 [21]. It should be noted that 
the 204Pb peak was not taken into consideration because 
of its negligibly low intensity.

This fitting procedure resulted in the identification of 
the intensities of the muonic X-rays from 206Pb, 207Pb, and 
208Pb. Figure 3 shows the isotopic ratios determined from 
the Kα1 and Kα2 X rays of 208Pb/206Pb and 207Pb/206Pb for 
each experiment and detector, and the weighted mean val-
ues. The resulting isotopic ratios were consistent despite 
the differences between the two experiments and two detec-
tors. The weighted mean isotopic ratios were 1.85 ± 0.15 for 
208Pb/206Pb and 0.77 ± 0.10 for 207Pb/206Pb. The magnitudes 
of the isotopic ratios were determined by the intensities of 
206Pb, 207Pb, and 208Pb X-rays divided by the sum of their 
X-ray intensities (i.e. 51.0% for 208Pb, 21.3% for 207Pb, and 
27.6% for 206Pb). The isotopic ratios determined by these 
methods are in good agreement with those determined by 
mass spectrometry, i.e., 2.08 ± 0.06 for 208Pb/206Pb and 
0.90 ± 0.03 for 207Pb/206Pb.

Conclusions

We succeeded in non-destructive isotopic analysis by 
muonic X-ray measurement for the first time. Isotope shifts 
of muonic X-rays exist in any elements, so this method can 
be applied to any element in various samples. The accuracy 
achieved by this method, however, is currently insufficient 
for conducting contemporary research such as identifying 

Fig. 1   a Muonic X-ray spectrum 
obtained by muon irradiation 
of the natPb sample for GMX 
detector 2016B0207 experiment 
and b muonic X-ray spectrum 
obtained by muon irradiation 
of the natPb sample for GLP 
detector. Cascading muonic 
X-rays such as K, L, M, and N 
lines were clearly observed. c 
Enlarged view of the muonic Kα 
X-ray region. Owing to the large 
energy gap between muonic 
2p1/2 and 2p3/2 states, Kα1 and 
Kα2 X-rays appeared into two 
different energy regions. Each 
peak appeared as a single sharp 
component in the 208Pb sample. 
The broadening observed in 
the natPb sample was due to the 
presence of the isotopic shift
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the production area of archaeological artefacts and dating 
geochemical samples. The J-PARC muon facility has begun 
testing a 1-MW primary proton beam, which is more than 
six times the beam intensity used in this experiment, and the 
accuracy can be improved by using the intense muon beam 
in addition to optimizing the experimental setup.
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