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Probing beneath the surface without a scratch
A non-destructive method for bulk elemental analysis

Adrian Hillier, ISIS muon Group
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Elemental analysis

> Determine the composition of a material
» Techniques commonly used are:

X-Ray fluorescence

Scanning tunnelling microscope
Laser ablation

Mass spectrometry

Neutrons

O O O O O

» Some techniques are destructive

> Some are only surface sensitive
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Different probes

Different probes ‘see‘ materials differently, complementary

neutrons
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Muon properties

Muons:

e fundamental, charged particles
heavy electrons

spin 1/2

magnetic moment 3.2 x m,
mass 0.11 x m,

e produced from pion decays
e lifetime 2.2 us (+’ve but varies for -’ve)
e decay into a positron or electron (+ 2xv)
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Non destructive probing

Need a method to probe inside materials

» For example, neutrons are highly penetrating
» Neutrons can be used as non-destructive probes
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Neutrons in Cultural Heritage
» inorganic material analysis

» metals, ceramics, rocks, pigments

= movable objects

Why?
Non-destructive analysis
Ancient/historic fabrication techniques
Authenticity
Provenance
State of corrosion

Boettger Stoneware

Staatliche Kunstsammlungen “Striding Nobleman” 16t century,

Dresden, C. Neelmejer Rijksmuseum Amsterdag
R. vanLangh

Eneolithic copper axe
Bolzano Museum,
G. Artioli, Padova

16™ century gold coins, M. Jones
Mary Rose Trust, Portsmouth

Greek coins 1-3 cAD; KHM Vienna;
R Traum; M Griesser

~Fc?hze Age swords from Austria

1500-1000 BG;:M. Moew



Muons at ISIS
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Muons at ISIS
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Negative muons
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~ High Energy X-rays emitted

~ Energy dependent of the atom
which captures the muon

» 0.1-10MeV - mass of the muon
is 200x that of the electron
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Negative muons
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Negative muons

| » High Energy X-rays emitted
o 0.1-10MeV
» Transition Energies are known from
measurement and calculation

> Probably of capture known
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Potential applications for negative muons

» Meteorites

» Energy materials

» Biomaterials

» Welds in Engineering

» Geological samples

» Cultural heritage, coins, arrowheads, mirrors, swords

» Or whatever you would like to know the composition of
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Examples - meteorites
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Examples - bones
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Energy (KeV)
—l Table IIL. Elemental composition of bone phantoms
u_ beam Bone phantgm Ca(mgem™3) P (mgem™3)
Centre of vertebral body in 70.7 25.7
sample A*®
Centre of vertebral body in 393 14.3
sample B*
Centre of vertebral body in 19.6 7.1
sample C°
Centre of vertebral body in 0.0 0.0
sample D*
Non-central portion of 154.9 70.0
Ge dete ctor vertebral bone A-D?
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Examples - biomaterials

Table I. Relative Muonic X-ray Intensities
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Examples - Chinese Coins
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Figure 2. Muonic X-ray spectra measured with the ancient
Chinese coin, Cu, Sn, and Pb samples. Muonic X-ray
peaks in these spectra originate from muon capture in Cu,
Sn, and Pb atoms. In the coin sample, intense N and O
muonic X-rays were detected comparing other samples.
Because the size of the coin is smaller than the distribution
of the muon beam, many muons were stopped in air.
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Examples - Chinese Artifacts

300, 1

LAl Mo
00
v+ uSiMa
[ | uAl M B _
i B a
E | uSiMp uSiLa » l
c 200- | uCa Mol |
© | | ]
- pAl Lo 800 | |
5] e
6 |‘ | | } |‘
2 ‘b ‘ o HeaMi oK
w ( / 5
= l‘ | | d I.ISI'INu
S 1000 | Ml AR __ [
0 . ) .
© Wy N W] I \ | ”S'LB | 400 }+ 'uCqu ]
SR LA |
| ERATE | pCala
el i j
1 [y n i ._| ‘ !
0 100 200 oL

Energy, keV 0 500 1000 1500
Energy, keV

Fig. 4. Muonic X-ray spectrum recorded using a CZT detector of a model Tang San Cai horse

Fig. 2. Muonic X-ray spectrum of an ancient Chinese bronze mirror
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Test Experiment

In collaboration with ’ |
RIKEN using port 4 B9 U VR

24 MeV/c

We can use negative " | w a
muons for elemental
analysis

X-ray Energy [0.1 keV]
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New setup

Ge X-ray detector
0.1-10 MeV
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Depth Profiling
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Depth Profiling - Simulations
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Bronze Standards
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Bronze Standards
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Bronze Standards

. |standardA __ [StandardC |
Certified Ratio of peak Certified Ratio of peak
“ composition (%) intensityto Cu composition (%) intensity to Cu
(%) (%)
0.194 £ 0.1 0.5+0.3 4.60 +0.27 4.4+0.5
7.9+ 0.7 n.c. 0.175+ 0.014 n.c.
7.16 £ 0.21 7.5+0.5 0.202 £ 0.029 0.6 +0.3
6.02 £ 0.22 6.1 £0.5 0.055 + 0.005 n.d.

Table 1: The certified composition for the two bronze standards. The ratio of the peak
intensities from the muonic X-rays. This shows a remarkably good argeement. The

abbreviations n.d. indicates not detected and n.c. not calcaulated. This is due to the
potential contamination of the data due to the lead beam snout.
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Normalised Counts
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Roman Coins - debased silver coin
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Islamic Silver Coins

LT 262
UMAYYAD
Dimasha mint

LT 169
Ghaznavid
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Lithium amide imide (LiNH, - Li,NH)

HYDROGEN STORAGE: LiNH, + LiH <> Li,NH + H,

26 ()

H, vacuum H, vacuum
time

Synchrotron X-ray powder diffraction shows hydrogen release occurs via range of intermediate
stoichiometry values — key to easily reversible hydrogen storage

AMMONIACRACKING 2NH; — N, + 3H, usmg Li,NH
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Variation in lattice parameter of Li,ND on exposure to ND.indig
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Lithium amide imide (LiNH, - Li,NH)

Quantifying the stoichiometry is difficult. By diffraction the scattering (both X-ray and neutron) is
dominated by the nitrogen.

QUANTIFYING STOICHIOMETRY WITH NEGATIVE MUONS

Synthesised a series of lithium amide-imide samples with varying stoichiometry:
xLizN + (2-x)LiNH, = 2Li;,,NH,
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Ferro-electric relaxor

Different Structure in surface and bulk:

PHYSICAL REVIEW B 70, 172204 (2004)

Direct observation of the near-surface layer in Pb(Mg;/3Nb,/3)O; using neutron diffraction
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'National Research Council, Chalk River, Ontario, Canada K0J 1J0
2Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai, China 201800
3Department of Materials Science and Engineering, Virginia Tech., Blacksburg, Virginia 24061, USA
“Department of Physics, University of Toronto, 60 St. George, Ontario, Canada M53S 1A7
SPhysics Department, Brookhaven National Laboratory, Upton, New York 11973, USA
(Received 5 July 2004; published 19 November 2004)
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PHYSICAL REVIEW B 67, 104102 (2003)

Ground state of the relaxor ferroelectric Pb(Zny;3Nby;) O3

Guangyong Xu,1 Z. thmg,2 Y. B'mg,3 7Z.-G. Ye,3 C. Stcock,4 and G. Shirane!
1Piiysics Department, Brookhaven National Laboratory, Upton, New York 11973
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Ferro-electric relaxor
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Negative Muons find no different between Mg and Nb from 100 — 300
microns, but below 100 microns a change in intensity is observed.




Muonic X-rays Emission: beyond elemental analysis
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Real Space Imaging
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A HEXITEC detector module with 1mm thick
CdTe mounted on the ASIC and mechanical
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Real Space Imaging
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Real Space Imaging

Take slices of elemental composition by varying the momentum

Inverse Randon transform gives the reconstructed image
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Conclusions

Elemental analysis is possible using negative muons

Non destructive

Depth can be easily controlled
Can measure deep inside a sample
Sensitive to all elements

Imaging is possible
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