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A World Centre for Condensed Matter Science with Neutrons and Muons
Typical year: 1200 experiments, 3000 visitors, 35 countries, 600 publications 
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The ISIS Pulsed Neutron and Muon Source
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The ISIS pulsed neutron and muon source
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Key properties of the muon II

Major constituent of cosmic rays AND produced at accelerator facilities for 
particle physics and condensed matter research. 



Natural source: Cosmic rays Human-made source: Accelerators
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(United Kingdom)
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(Canada)

J-PARC and MuSIC
(Japan)

CSNS
(China)

Muon Sources



Continuous source (e.g. PSI, TRIUMF) Pulsed source (e.g. ISIS, J-PARC)

o Bursts of many muons

o Low intrinsic background

o Time resolution set by muon pulse width (~50ns)
-> Weak relaxations, slow precession

o Rate limit set by detector dead time

o Big detector arrays to cope with high 
instantaneous rate

o Single muons

o Higher intrinsic background

o Time resolution set by electronics (~10s ps) 
-> fast relaxations, rapid precession

o Rate limit set by single muon at a time constraint

o More compact detector arrays

Pulsed and continuous sources of muons



CHRONUS

Surface Muon beam
100% spin polarised
Fixed momentum ~27 MeV/c
Pulses split between beamlines

Decay Muon beam
Positive or negative muons
Spin polarised
Variable momentum ~15- 120 MeV/c
Pulses can be split between beamlines

Muons at ISIS

Hillier et al Philos Trans A (2019) 377 (2137)



Muon production – surface, decay and low energy muons
Surface ->  4MeV (10-100 μm) Decay * ->  1-100 MeV (1-1000 μm) Low E ->  1-30keV (1-100 nm)

o Decay of π+ at rest near the 
target surface.

o Optimal energy 4MeV 
(29MeV/c)

o Nearly 100% spin polarised

o Large fraction of muon 
experiments use surface 
muons

o Produced when finite 
momentum pions leave the 
target and decay in flight. 

o Can be μ+ or μ-

o Range of momentum possible
(0 – 120MeV/c)

o Up to 80% spin polarised

o Enables measurements of 
samples in complex sample 
environments. 

o Surface muons can be 
moderated down to lower 
energies. 

o Range of energy possible 
by acceleration with 
electric fields (~ 1-30keV)

o Nearly 100% spin 
polarised

o Enables measurement of 
thin films, surfaces and 
interfaces. 

o Currently only at PSI (in 
development at J-PARC)
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Pion production: high energy 
protons collide with C nuclei 

in graphite target.
π+ → μ+ + νμ

muons are 100% 
spin polarised

1

2

3
Implantation, 

surface muons -> 0.1-1mm, 
decay muons -> 0.1-10mm  

and Low Energy ->10-100nm.

4

5

6

7

Muons interact with local 
magnetic environmentDecay, lifetime 2.2μs

μ+ → e+ + νe + νμ
we detect the decay positrons

The positrons are 
preferentially emitted 

in muon spin direction

Measure the positron 
distribution to determine the 

muons’ polarisation in time. Learn 
about the muons’ local 

environment or the muon 
behaviour itself.

The muon spectroscopy technique – the muon lifecycle



The muon spectroscopy technique

muons
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Oscillations -> magnetic order across muon stopping sites
Damping -> inhomogeneous fields that depolarise the muon spins



Properties of the muon – muon states in matter

Muons (E)
Muons incident on a sample 

stop in the material and rapidly 
thermalise

1 Muon implants at 
interstitial site. 
Attracted to regions of 
negative potential.

2
Diamagnetic muonium. 
Muon captured by electron 
lone pair on an atom.

3
Paramagnetic muonium. 
Muon mimics hydrogen ion 
and interacts with sample.



Muons as passive probes in 
superconductivity, magnetism, molecular 
dynamics, charge transport.

Muons as active probes: proton analogues 
in semiconductors, proton conductors, 
light particle diffusion, etc. 

Muon science areas
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Scientific Highlights I – Superconductivity
TF-μSR - measures the vortex lattice field 
distributions

Muons measure a distribution of fields that depends on 
the penetration depth λ and the coherence length ξ.
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Science highlights I: chiral superconductivity in LaPt3P –
ZF and TF MuSR



Science highlights II – KAgF3: Using F--μ--F states to measure
magnetic materials

Use F--µ--F states above 𝑇௖ and 
DFT to find the muon site

Use magnetic oscillations to find the 
magnetic structure below 𝑇௖

J. M. Wilkinson et al., PRB 107 144422 (2023)

Discover an A-type AFM 
structure with 𝜇୅୥ ൌ 0.47𝜇୆



o Spin-polarised muon stops in the sample 
o Fields from nearby nuclei cause incoherent spin precession  
o Ion with nuclear moment moves near muon and flips the 

muon spin  (or vice versa)
o Muon decays and positron detected 
o Signal depends on how often the muon spin was flipped

Dynamics from Ionic Motion

J. Sugiyama et al, Phys. Rev. Lett. 
103, 147601 (2009)

Muons (both positive and negative) 
allow these effects to be probed over a 
range of lengthscales in, for example, 
battery materials

Figure from Innes McClelland

Scientific Highlights III – Battery materials 



Scientific Highlights III – Battery materials (Ex Situ)

▪ Primary use of muons is to 
measure local ionic motion
▪ Works in paramagnetic materials 
▪ Material doesn’t have to be in a cell
▪ Ion must have a nuclear magnetic 

moment, e.g. Li, Na, K, Mg, I

▪ Measure the hopping rate as a 
function of temperature
▪ Extract energy barrier(s)
▪ Find hopping rate ~MHz and derive 

local diffusivity for available pathways

T.E. Ashton et al., J. Mater. Chem. A 2020, 8, 11545



Scientific Highlights III – Battery materials (In Operando) 

Changes in local structureLi+ hopping rate

Li+ diffusion coefficient

I. McClelland et al., Chem. Mater. 35, 4149 (2023) 



Scientific Highlights IV – Muonium Chemistry

o Positive muons can capture electrons to form a 
light hydrogen isotope: Muonium (Mu) 

o Mu acts as a radioactively labelled light isotope 
of hydrogen (similar Bohr radius, ionisation
energy and reduced mass)

o Mu can undergo the same reactions as a H-atom:

Addition: Mu + R2C=CH2 R2ĊCH2Mu

Abstraction: Mu + RX                       MuX + R·

Radical Combin.: Mu + ·OH             MuOH

E- transfer: Mu + Xn+ µ+ + X(n-1)+  



Mu reacts 
with gold 
nanoparticles

Mu formed 
in bare silica

Mu reacting with 8 nm GNPs (6G TF)

Sequence of events:
• Mu formed in silica escapes the mesopores,
• Quickly diffuses to a GNP,
• Loses e- spin to metal, i.e. Mu -> μ+

(chemisorption reaction), hence Mu relaxation

2 - 3 fold catalytic effect from benzene on metal surface

Catalytic 
effect of
Benzene

Scientific Highlights IV – Muonium Chemistry



• Generally studying muonium in the 
semiconductor

• Hydrogen defect analogue
• Where it forms in the material
• What dynamics it experiences

• Investigating paramagnetic centres
• e.g. NV centres in diamond

• Charge carrier dynamics
• Thermal effects
• Light induced effects

Scientific Highlights VI - Semiconductors



• Carrier-Mu interaction 
depolarises muon signal
→ Relaxation rate tells

carrier density
• HIFI Laser for optically 

generating carriers in 
semiconductors

General-purpose setup for
light-pump muon-probe experiments

• By changing the pulse 
delay, one can measure 
carrier lifetime spectrum
– Even in 

completed solar cells
• Depth-dependent 

measurements enable 
carrier kinetics study
within a wafer

Applicable to many 
semiconductors. So far:
Si, Ge, SiC, GaAs

Review of Scientific Instruments 87, 125111 (2016).
Phys. Rev. Lett. 119, 226601 (2017).
Appl. Phys. Lett. 115, 112101 (2019).

Appl. Phys. Lett. 118, 252105 (2021).
Journal of Applied Physics 132, 065704 (2022).
Journal of Applied Physics 136, 055707 (2024).

koji.yokoyama@stfc.ac.ukScientific Highlights VI - Semiconductors



Single event upsets (SEUs) occur when high energy 
particles hit microelectronics, causing devices to 
malfunction. Solar flares and cosmic rays are the main 
sources of such particles and, with the ubiquitous nature 
and rapid advances in microelectronics; it’s an area of 
intense interest. The semiconductor industry is looking 
ahead by understanding how and why devices might 
become vulnerable.

“Our experiments are about understanding the probability 
of these events, which represents an important 
contribution to the semiconductor industry. This will 
inform future design decisions, enabling manufacturers to 
develop devices that are less susceptible to muon SEUs.”
Professor Bhuva, Vanderbilt University

doi: 10.1109/IRPS.2014.6860585

Protecting electronics from cosmic invaders
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• fundamental, charged particles
• heavy electrons 
• spin 1/2
• magnetic moment 3.2 x mp
• mass 0.11 x mp
• mass 200 x me

• produced from pion decays
• lifetime 2.2 µs
• decay into a positron or electron (+ 2ν)
• energy of the muon is controllable

Muon properties

𝑚௘௟௘௖௧௥௢௡ ൌ 0.511 𝑀𝑒𝑉/𝑐ଶ𝑚௠௨௢௡ ൌ 105.66 𝑀𝑒𝑉/𝑐ଶ
𝑚௠௨௢௡𝑚௘௟௘௖௧௥௢௡ ൌ 206.77 ~ 207



 High Energy X-rays emitted
o 0.01- 6 MeV 

 Energy dependent of the atom which captures the muon

 Isotope and oxidation states can also be determined
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Negative Muon Capture



Diverse science areas
 Cultural Heritage

 Bronze Age artefacts
 Mary Rose artefacts
 Baptismal Gates
 Swords
 Cannon Balls
 Sundials
 Coins
 Faience and glass 

 Solar cells
 Piezoelectric devices
 Li batteries
 Advanced engineering

Hillier et al in  Handbook of Cultural Heritage analysis
Cataldo et al, Appl. Sci 2022

Negative muons – usage at ISIS



denarius of Julia Domna

• 3rd century (211-217 CE)

The fineness and quality of a coinage is often taken by 
historians to be a comment on the fiscal health of the 
issuing state

Yet very little is really known about its fineness and 
chemical composition

B. V. Hampshire et al, Heritage 2, 400-407(2019)

Roman silver coins:



190 µm

51(1)% Ag49(1)% Cu

B. V. Hampshire et al, Heritage 2, 400-407(2019)

Roman silver coins:



aurei from the “year of four emperors”

• AD 68/9

During the AD 68/9 Civil Wars: Galba, Otho, Vitellius and then 
Vespasian fought for — and gained — control

A period of serious and sustained disruption.

Existing analyses shows a minor reduction in the purity of the 
gold coinage

Using X-ray fluorescence and u-XES, a number of heavily 
debased gold coins issued during the AD 68/9  and many slightly 
debased coins issued in their immediate aftermath.

G. A. Green et al, Archaeological and 
Anthropological Sciences 14, 165 (2022)

Roman gold coins

Coin 14
(Otho)

Coin 16
(Otho)

Ag

Cu



G. A. Green et al, Archaeological and 
Anthropological Sciences 14, 165 (2022)

• Using X-ray fluorescence and u-XES, a 
number of heavily debased gold coins 
issued during the AD 68/9  and many 
slightly debased coins issued in their 
immediate aftermath. 

• Debased Civil War gold coinages were 
indeed produced; that copper was used to 
debase Roman gold coins during this time, 
c. 185 years earlier than first shown

• The metallurgical evidence from the gold 
coinage show the AD 68/9 Civil Wars 
caused significant and sustained 
disruption to the Roman economic system.

Roman gold coins:



Green fertiliser: Nitrogen fertilisers

• typically, only 45-55% of the nitrogen applied is taken up by crops1

1Oluwadunsin et al (2022). J. Env Management 317 : 115395



5% BS Pellet1% BS PelletControl Pellet
Std DevMeanStd DevMeanStd DevMean

0.085.980.024.840.164.70Total N, % w/w
0.3936.750.3037.351.4638.00Total C, % w/w

118.70
12606.5

0202.86
12929.7

5237.27
13023.7

5Total P, mg/kg

220.09
29622.0

0217.77
30863.5

0875.13
31546.0

0Total K, mg/kg



HYDROGEN STORAGE:

AMMONIA CRACKING:

LiNH2 + LiH Li2NH + H2

2NH3 → N2 + 3H2 using Li2NH 

Ar ArND3 ND3 NH3

2θ
(°)

H2 H2vacuum vacuum H2
time

time

a 
(Å

) T(°C)

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

Variation in lattice parameter of Li2ND on exposure to ND3 indicates non-stoichiometry during 
ammonia decomposition reaction – active form of the catalyst is non-stoichiometric.

Energy Materials: Lithium amide imide (LiNH2 – Li2NH)



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:
xLi3N + (2-x)LiNH2 2Li1+xNH2-x

Energy Materials: Lithium amide imide (LiNH2 – Li2NH)



In summary
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Muons are a powerful probe to understand our material world Bye! It’s time 
for me to decay.
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