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WIR SCHAFFEN WISSEN – HEUTE FÜR MORGEN

Master School: Introducing photons, neutrons 
and muons for materials characterization

Frithjof Nolting ::  Head of LSC  ::  Paul Scherrer Institut

PSI Master School 2017

Faded dreams of the future
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Space Patrol Orion (1966)

www.pinterest.com

wikipedia.org

Astrodisc (German "Astroscheibe") is a viewing screen

ASG wrist communication devices (in German: 
"Armbandsprechgerät")
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Now
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http://www.itproportal.com

http://www.huffingtonpost.com

http://www.techweez.com

http://www.indiatimes.com

In between
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Smartphone?
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Basic research – electronic devices
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Hard disc
Cars, sensors, displays

Modern communication devices are full of fascinating physics and advanced 
materials 

Welcome to the PSI Master School
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Outline of this lecture

• Program of the school

• Brief Introduction PSI

• Materials properties and their characterization

• Muons

• Neutrons

• Photons

PSI Master School 2017

Introducing photons, neutrons and muons for materials characterization

4 – 15 September 2017

The aim of the course is that the students acquire a basic understanding

on the interaction of photons, neutrons and muons with matter and

how one can use these as tools to solve specific problems in materials

research.
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Program – first week
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Program – second week

Page 8



5

Experiments
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Credit recognition
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Master Students

The school is registered at ETHZ and University of Basel. Students registered at these 

universities can get their credits (4KP) by directly signing up to the lectures below.

University of Basel: course # 48171 in HS17

ETHZ: course # 327‐2130‐00 in Spring Semester 2017

Students registered in other universities need to contact their corresponding university 

for the procedure of credit recognition.

To receive the credit points:

• Passing the exam (oral exam, topic of the lectures of the examiner, ETHZ students by 

Laura Heyderman and Alex Amato, other student by Michel Kenzelmann and Frithjof 

Nolting, schedule will follow)

• Active participating in the group work 

• Active participating in the experiments

• Short presentation of the experiment

PhD students

Are allowed only for the lecture. Please discuss with your supervisor about getting 

credits points (1 KP). If you need an exam, we could arrange this.
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Lecturer
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Prof. Dr. Laura Heyderman, PSI/ETH Zurich
Laboratory for Multiscale Materials Experiments (PSI) and

Laboratory for Mesoscopic Systems (ETH Zurich), laura.heyderman@psi.ch

Prof. Dr. Michel Kenzelmann, PSI/Uni Basel
Laboratory for Neutron Scattering and Imaging

michel.kenzelmann@psi.ch

Prof. Dr. Frithjof Nolting, PSI/Uni Basel
Laboratory for Synchrotron Radiation Condensed Matter

Frithjof.nolting@psi.ch

Dr. Alex Amato, PSI
Laboratory for Muon Spin Spectroscopy

alex.amato@psi.ch

Dr. Thomas Prokscha, PSI
Low‐Energy Muons Group

thomas.prokscha@psi.ch

Dr. Hubertus Luetkens, PSI
Bulk µSR Group

hubertus.luetkens@psi.ch

Organization
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Renate Bercher, PSI
Assistant, Research with Neutrons and Muons

renate.bercher@psi.ch

Dr. Cinthia Piamonteze
Microscopy & Magnetism Group

cinthia.piamonteze@psi.ch

(on parental leave)

Dr. Armin Kleibert
Microscopy & Magnetism Group

armin.kleibert@psi.ch

Organizing Committee:
Cinthia Piamonteze
Armin Kleibert
Frithjof Nolting
Christian Rüegg
Michel Kenzelmann
Alex Amato
Laura Heyderman
Valerio Scagnoli
Renate Bercher (secretary)
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Where?
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Paul Scherrer Institut
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synchrotron light source

neutron source

energy researchsolar concentrator

muon source

proton therapy

proton accelerator

SwissFEL

nanotechnology

radio chemistry

radio pharmacy
biology

material sciences

 Basel Zürich Germany  Aarau/Bern 

PSI west

PSI easthotlab
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Administrative Embedding
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EFDEJPD VBSEDA EDI UVEK

Swiss Federal Government

ETHZ
Swiss Federal
Institute of
Technology
Zurich

EPFL
Swiss Federal 
Institute of 
Technology
Lausanne

PSI
Paul Scherrer
Institut

Empa
Swiss Federal
Laboratories 
for Materials
and Testing

WSL
Swiss Federal 
Institute for 
Forest,  Snow 
and
Landscape 
Research

Eawag
Swiss Federal 
Institute for 
Water Resour‐
ces and Water
Pollution 
Control

WBF

ETH Board
ETH Domain

Our Mission
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Matter and 
materials

Energy and 
environment

Human health

Large research 
facilities

Swiss and foreign users
from academia and industry

Development
Construction
Operation

Knowledge &
expertise

Education

Technology 
transfer

more that 2400 external
users/year (39 beamports)

Staff: 2100 PhD students: 320 Patients visit: 6300/year      
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PSI offers three probes on one campus
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SLS: synchrotron X-rays
• 3rd generation synchrotron
• electron energy: 2.4 GeV
• operational: since 2001
• beamlines: 16

SINQ: cold and thermal 
neutrons

• spallation neutron source
• Thermal flux 1.1·1014n/cm2/s
• operational: since 1998
• instruments: 17

SS: -SR facilities
• world’s most intense 

continuous muon source
• operational: since 1974/1989
• instruments: 6

Ideally suited for: solid state physics, soft condensed matter, chemistry, 
biology, materials science…. 

SwissFEL:  Small (λ=0.1 nm) and fast (τ=10 fs) 
at extremely high peak intensity

User operation 2018

Basic research – electronic devices
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http://article.wn.com

Hard disc
Cars, sensors, displays

Modern communication devices are full of 
fascinating physics and advanced materials 
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Physical properties arise from chemical 
structure
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Chemical structure and electronic degrees of freedom of the elements in the 
structure determine many of the physical properties that have functional use

Examples:

‐ Strength

‐ Electric conductivity and insulation

‐ Light transparency and opacity

‐ Magnetism

‐ Di‐, piezo‐ or ferro‐electricity

‐ …

Example: pure carbon structures
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Diamond Graphite

Graphene Buckyminister
fullerene(C60)

Carbon-nanotubes

www.wikipedia.org & M. Scarselli et al, J. Phys.: Condens. Matter 24, 313202 (2012).
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Bond Types

Bonding = electrostatic force of attraction that holds cations, anions, and/or complex ions 

together in chemical compounds; Opposite electric charges attract; Like electric charges repel

Ionic: Electron exchange 

between cations and 

anion

Covalent: shared electrons 

Metallic: Outer electrons 

free to move and are 

shared over a wider range 

in a crystal lattice

Diamond: sp3 hybridized C crystals

Page 22

from cnx.org
from diamonds.net

All four electrons in the four sp3 orbitals undergo covalent bonds
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Graphite: sp2 hybridized C crystals

Page 23

cochise.edu/wellerr

The three electrons in the three sp2 orbitals undergo covalent 
bonds, one electron is not localized

Graphite consists of layers of hexagonal Carbon sheets.

How do we measure the resistance of a sample

Page 24
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How do we measure the resistance of a sample

Page 25

At PSI we use very special sources 

Page 26

Neutron:1 up quark, 2 down quarks

wikipedia.org
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How do we measure the resistance of a sample

Page 27

PSI offers three probes on one campus
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SLS: synchrotron X-rays
• 3rd generation synchrotron
• electron energy: 2.4 GeV
• operational: since 2001
• beamlines: 16

SINQ: cold and thermal 
neutrons

• spallation neutron source
• Thermal flux 1.1·1014n/cm2/s
• operational: since 1998
• instruments: 17

SS: -SR facilities
• world’s most intense 

continuous muon source
• operational: since 1974/1989
• instruments: 6

Ideally suited for: solid state physics, soft condensed matter, chemistry, 
biology, materials science…. 

SwissFEL:  Small (λ=0.1 nm) and fast (τ=10 fs) 
at extremely high peak intensity

User operation 2018
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• Positive muons have a spin ½ and a large magnetic moment.

They are produced with 100% polarization. 

Implanted in materials (metals), they thermalize at intersticial sites

 ideal local magnetic probes to measure e wealth of phenomena as:

 Properties of magnetic materials (order parameter, transition, frustrations, 

fluctuations)

 Field distributions due to Flux Line Lattices in Superconductors

 Detection of ions diffusion (battery materials)

 Etc…

Implanted in materials with low electron density (e.g. semiconductors), they

often pick‐up an electron to form a pseudo hydrogen atom: 

the «muonium» Mu = µ+e‐.

 experimental model for isolated hydrogen for example in semiconductors 

(study of passivation)

 Primary source of detailed information on the site migrations and dynamics

What are muons good for: few examples

Page 29

HIPA – High Intensity Proton Accelerator at PSI

Page 30

Proton accelerator  CW

590 MeV  2.2 mA   1.3 MW

UCN

SINQ CW Spallation neutron source 0.9 MW

Muons for 
Condensed 
matter SµS 
and Particle 
Physics

Injector II Cyclotron 72 MeV

Ring Cyclotron 590 MeV

Target E  (d = 60mm)

Target M (d = 5mm)

Cockcroft Walton

Dimensions: 120 x 220m2

Proton Therapy
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About 65% of the available beamtime on the 7 muons/pions

beamlines dedicated to µSR experiments (rest: particle physicists)

Page 31

µSR facilities in the world

J-PARC

pulsed (50Hz) 
muon beams

continuous 
muon beams

continuous 
muon beams

pulsed (25Hz) 
muon beams

5 operating facilities, 3 facilities in project5 operating facilities, 3 facilities in project

RISPRISP
CSNSCSNSSNSSNS

PSI
ISIS

TRIUMF

RCNP (Music)

continuous 
muon beams

Page 32
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Neutron Sources for the study of materials

Page 33

Neutron wave-length is similar to atomic distances in solids

Neutron energies is similar to that of phonons and many magnetic excitations

Neutrons penetrate deep into materials: measurement of bulk properties is 

possible

Neutron magnetic moment allows an interaction with magnetic degrees of 

freedom

Overall weak interaction with matter: materials do not get destructed during the 

measurement process

Neutron production at reactors

Page 34

FRM2 at Munich



18

Neutron production at spallation sources

Page 35

‐ Neutron production uses a high‐energy 
proton beam generated in a particle 
accelerator

‐ Protons hit heavy‐metal target and 
generate neutrons through the 
spallation process

Example: Spallation Neutron Source, 

Oak Ridge, USA

‐ Linear accelerator, storage ring

‐ Liquid Hg target is used

SINQ

Page 36
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Light is …

Page 37

Visible Light

Light is an electromagnetic wave

Page 38

Hauptsächlich Ultraviolet‐ (UV) und Röntgenstrahlen (x‐rays)

Swiss Light 
Source

Visible Light

Synchrotron Radiation
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Synchrotrons

Source: http://www.anka.kit.eduSource: http://www.anka.kit.edu

BoosterBooster

BeamlinesBeamlines

Storage 

ring

Storage 

ring

Beamlines at SLS

Page 40

XAS/XMCD

S
urface

SLS TT‐AG

For selling beamtime
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ATHOS and ARAMIS Experimental Area

ATHOS Exp. Surface: 1 single hutch 692 m2):

• Soft X‐rays 0.25 1.9 keV (0.65 5nm)

• Variable polarization undulators

• Modes: SASE + self seeded + broadband + 
two colors + CHIC + (burst) +…

• Phase II:  2017‐2020

ESA
ESB

ESC

(phase II)

Pump Laser infrastructure

First floor

ARAMIS Exp. surface: 3 sep. hutches (522.6 m2)
• Hard X‐rays 1.7712.4 keV (0.10.7nm)

• 1st pilot Experiment Q4 2017

• Full operation (5.8 GeV) Q1 2018

SwissFEL ATHOS

ARAMIS

Pump Laser

infrastructure

PSI offers three probes on one campus
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SLS: synchrotron X-rays
• 3rd generation synchrotron
• electron energy: 2.4 GeV
• operational: since 2001
• beamlines: 16

SINQ: cold and thermal 
neutrons

• spallation neutron source
• Thermal flux 1.1·1014n/cm2/s
• operational: since 1998
• instruments: 17

SS: -SR facilities
• world’s most intense 

continuous muon source
• operational: since 1974/1989
• instruments: 6

Ideally suited for: solid state physics, soft condensed matter, chemistry, 
biology, materials science…. 

SwissFEL:  Small (λ=0.1 nm) and fast (τ=10 fs) 
at extremely high peak intensity

User operation 2018


