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demands for non-destructive analysis

elemental analysis of archaeological 
relics, antiquities, artifacts etc.

・ essential information on history of technology and 
propagation of culture

・ damage to materials for analysis is inevitable

lots of materials, which may provide valuable information, 
have been left in mystery

surface of material
X-ray Fluorescence Analysis, Electron Probe Micro 
Analysis, Reflection Spectroscopy

• useful information on composition, chemical 
state, molecular structure



demands for non-destructive analysis

inside materials
・　surface of bronze ware and ironware are rusted

inside has very different composition from surface

・　different composition by surface treatment
kobans (Japanese oval gold coins), katanas (Japanese 
sword), gilt bronze • • •

inside composition provides more important information
distribution or inhomogeneity of composition in depth

• ICP-AES (Inductively Coupled Plasma - Atomic Emission Spectrometry)
→ destructive

• neutron activation analysis
→ bulk analysis, residual activity

invaluable samples in history
→sampling or surface polish are impossible



changes of kobans (gold coins) in Edo era



elemental depth profile of a koban
– difference between surface and inside –
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non-destructive analysis
with muonic X-rays

requirements for analysis of archaeological relics, 
antiquities, artifacts etc.

☆ simultaneous multi-elemental analysis
comprehensive and systematic analysis for all 
elements

☆ non-destructive
no damage or activity to samples

☆ regioselective inside material
elemental analysis of specific parts inside sample
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non-destructive analysis
with muonic X-rays

when negative muons stop in material

– muonic atoms form and emit characteristic X-rays
• X-rays have energy specific to element and transition

– all the elements can be analyzed with same method 
simultaneously

• no need for prior knowledge
unexpected elements cannot be missed

• less systematic error, high efficiency

simultaneous multi-elemental analysis



non-destructive analysis
with muonic X-rays

Bohr model
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wide energy range of muonic X-rays 
(10keV ~ 10MeV)



non-destructive analysis
with muonic X-rays

energies of typical muonic X-ray （keV）

44430721261513Cu
35726417041256Fe
8966422347Al
3425158134O
19148976C
LβLαKβKα元素

atomic capture rate of muons
W(Z) ∝ Z      (Fermi-Teller (Z-law))

Z1/3－1    (Petrukhin)
Z1/3・ln(0.57Z)    (Daniel)



non-destructive analysis
with muonic X-rays

when negative muons stop in material

– X-ray energy from a few 10’s keV to MeV
• muonic X-rays can get out from inside material easily

– no needs for any chemical treatments
• no damage to the materials

non-destructive

X-rays from a material irradiated with negative muons
← X-rays with detectors of good energy resolution and 

high efficiency



non-destructive analysis
with muonic X-rays

negative muons are charged particles
– negative muons can be stopped at certain depth of material 

by changing incident momentum

– stopping position can be also changed transversally by 
moving material with respect to muon beam

→　3-dimensional mapping of elemental distribution
regioselective inside material

negative muon beam of high intensity
and low momentum bite is essential!

PRISM



non-destructive analysis
with muonic X-rays

simultaneous multi-element analysis ・ non-destructive ・
regioselective inside material

analysis with muonic X-rays is only the candidate
• much wider range of materials can be analysed
• new knowledge can be obtained in history and 

archaeology
• invaluable materials can be analyzed in Japan

previous examples
• ancient tiles
• chlorine, calcium inside phantom model 

imitating human body
• ancient base, glass bracelet
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glass bracelet



ancient base



non-destructive analysis
with muonic X-rays

first step : establishing techniques and procedure of
bulk analysis

1. materials of single element
– measuring X-ray yields from each element

2. compounds and alloys of known compositions
– chemical effects on X-ray yields
– calibration curve

3. samples of unknown composition
– estimate composition with observed X-ray yields and 

calibration curve



ミュオンX線測定による

非破壊分析法の装置例



CZT X-ray detector

Cadmium Zinc Telluride semi-conductor detector
low energy X-rays
good energy resolution
Peltier cooler（-30℃） - no liquid nitrogen
easy to use, just turn on power switch
small size, suitable for detector array



apparatus at KEK

CZT

µ-

HPGe

sample

scintillation
counters
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Zn
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determined with muonic X-rays
PRELIMINARY

Cu:Zn = 61:39 (error~10%)

Cu Znbrassbrass



星雲鏡 Xing-yun Mirror
(star-cloud mirror)

Western Han bronze mirror in China (produced B.C.100-50)
（Cu:Sn=74:20 with chemical analysis）
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µ– 星雲鏡µ– 星雲鏡
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determined with muonic X-rays
PRELIMINARY

Cu:Sn = 85:15 (error~10%)



elemental analysis inside material



Al plate + Cu plateAl plate + Cu plate

Al Cu
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non-destructive analysis
with muonic X-rays

summary
large demands for analysis of archaeological relics, 
antiquities, artifacts etc. 

☆ simultaneous multi-element analysis
comprehensive and systematic analysis for any 
elements

☆ non-destructive 
no damage to materials

☆ regioselective inside material
composition of specific parts inside materials

analysis with muonic X-rays is only the candidate
– feasibility study of the method has started
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