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ESRF – ILL 8th Summer School 
Undergraduate Students

Science at synchrotrons 
and at the ESRF

Welcome!

Michael Krisch and Francesco Sette



SYNCHROTRON LIGHT SOURCES AS A DRIVER FOR SCIENCE AND PROGRESS
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• ADDRESSING  CRITICAL GLOBAL CHALLENGES IN AREAS SUCH AS HEALTH, 
ENVIRONMENT, ENERGY, FOOD SECURITY 

• IN  CONDENSED AND LIVING MATTER, SCIENTIFIC RESEARCH LINKING 
FUNCTIONS AND PROPERTIES TO THE STRUCTURE OF ATOMS

Accelerator-based Photon Sources

Understanding materials and living matter has always driven human progress



INVESTIGATING MATTER
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Atoms – Molecules – Condensed Matter

GAS

LIQUIDS
O
L
I
D

The beauty of X-rays 
and neutrons:
To unveil down to 
atomic resolution the 
structure and dynamics 
of condensed matter –
non-destructively!



SYNCHROTRON LIGHT: THE POWER OF X-RAYS
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X-RAYS: DISCOVERY IN 1895 BY W.C RÖNTGEN

Wilhelm Conrad Röntgen (1845-1923)
First Nobel Prize for Physics, 1901

The first "röntgenogram" 
8 November 1895

X-rays ... some kind of unknown particles without mass and charge
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X-RAYS: DISCOVERY IN 1895 BY W.C RÖNTGEN
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(1895) RÖNTGEN’S EXPERIMENT 

after W.C. Röntgen
Über eine neue Art von Strahlen.

Phys.-Med. Ges., Würzburg, 137, (1895)
English translation in Nature 53, 274, (1896)

 “… A piece of sheet of aluminium, 15 mm thick, still allowed the X-rays (as I will call the rays, for sake of brevity) to pass …” 
“... Detection of interference phenomena has been tried without success, perhaps only because of their feeble intensity...”
 “... The refractive index ... cannot be more than 1.05 at most ... X-rays cannot be concentrated by lenses ...”
 “... Photographic plates and film are susceptible to X-rays, providing a valuable means of recording the effects ...”

name, penetration, non-destructiveness, intensity, coherence, optics, detectors



X-RAY SOURCE
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X-RAY SCIENCE: A LONG SUCCESS STORY WHICH STARTED IN 1895

Wilhelm Conrad Röntgen (1845-1923) Max von Laue (1879-1960)

1947: First observation of synchrotron 
radiation at General Electric (USA).

..followed by decades of parasitic use of 
Synchrotron radiation on high-energy machines
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Synchrotron X-rays
X-RAY SOURCES: TUBES AND SYNCHROTRON LIGHT
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Conventional X-ray Sources and

Synchrotron Radiation

Chasman-Green Lattice
Brookhaven, 1975
The way to very low vertical emittance
storage rings, and to very high brightness
Third Generation SR Sources
ESRF 1992

~100,000,000,000
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Laboratory Source
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ENERGY & ENVIRONMENT

MICROELECTRONICS

EXTREME CONDITIONS

PETROCHEMICALS

ADVANCED MATERIALS

CULTURAL HERITAGE

SYNCHROTRON X-RAY SCIENCE AND APPLICATIONS
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Fundamental, applied and industrial research on atoms structure and dynamics
Understanding new materials, and functioning of life-related processes 

HEALTH & FOOD

CONSUMER PRODUCTS

METALLURGY



1895

The Spectacular Success of X-ray Science

1900 2000
Era of Crystals Era of Complexity

Bio- and nano-technologies
Highly correlated systems
Non-equilibrium matter

Coherent X-ray Sources

2019

Structure-function-relations
Phase diagrams
Large unit cell crystals
Protein crystallography

ESRF EU.XFEL

X-RAY SCIENCE : 14 NOBEL PRIZES IN PHYSICS, 12 IN CHEMISTRY  AND 1 IN PHYSIOLOGY AND MEDICINE
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X-ray Science: Imaging, Scattering, Diffraction, Spectroscopy

25 Nobel prizes in Physics (14), Chemistry (12) and Medicine and Physiology (1) since the first one in 1901

(COURTESY H. DOSCH)

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwibx_Ow-4vgAhVJPFAKHcepAhQQjRx6BAgBEAU&url=https://phys.org/news/2015-12-major-milestone-electrons-european-xfel.html&psig=AOvVaw23PRtabBciBYZmXMGmYNAr&ust=1548609844159780
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjopMjP-YvgAhXKKlAKHRzBCBsQjRx6BAgBEAU&url=https://www.wissen.de/vor-120-jahren-conrad-wilhelm-roentgen-entdeckt-die-x-strahlung&psig=AOvVaw3Y3Ts7wG5oxoqpsL1GSvSk&ust=1548609302069399
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi80fGs-ovgAhUKPFAKHdQDCPgQjRx6BAgBEAU&url=https://www.esrf.eu/about/press-room/intro-esrf-journalists&psig=AOvVaw3rpCyTzLAxkkQtwJImazaX&ust=1548609564102444
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjjzLml1Y3gAhXEwKQKHaYzC1kQjRx6BAgBEAU&url=https://de.wikipedia.org/wiki/Datei:Wilhelm_R%C3%B6ntgen_signature.svg&psig=AOvVaw3i0gLRPiMMv9HcqWxF8SnP&ust=1548668342037072


SYNCHROTRON SOURCES SINCE THE 70s MADE THE DIFFERENCE IN X-RAY SCIENCE
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1994 – The European Synchrotron
Radiation Facility – 6 GeV

MODERN THIRD GENERATION SYNCHROTRONS WORLDWIDE: 
CONSTRUCTED ON THE SUCCESS OF THE ESRF

FIRST THIRD-GENERATION 
SYNCHROTRON 

SYNCHROTRON FACILITIES 
SERVE NOWADAYS  ~50 000 

USERS WORLDWIDE:
THE LARGEST SCIENTIFIC 

COMMUNITY IN THE WORLD
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ESRF’s core missions

 Develop, construct and operate state-of-
the-art X-RAY SYNCHROTRON instruments 
and BIG-DATA IT INFRASTRUCTURE to the 
benefit of the scientific communities of 
the Member and Associate countries

 Serve the international community TO
ADVANCE KNOWLEDGE AND TO ADDRESS 
GLOBAL SOCIETAL CHALLENGES

 Support INDUSTRIAL RESEARCH in 
Member and Associate countries to 
strengthen Europe’s competiveness 

 Train the NEXT GENERATION OF 
SCIENTISTS, ENGINEERS AND TECHNICAL 
STAFF

• Access based on scientific excellence
• 12 Beam time allocation panels made of 

international experts in charge of peer-reviewing 
proposals for 46 beamlines



A POWERHOUSE OF INTERNATIONAL COLLABORATION:1994-2022
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ESRF User community since 2010: 74 000 users from more than 60 countries 
TODAY



THIRD GENERATION SYNCHROTRON SOURCES & SOCIETAL CHALLENGES
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Synchrotron X-ray Science in the world and its growing User community



SUPPORT A NEW BROAD AND COMPREHENSIVE SCIENCE PROGRAMME
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FUNDAMENTAL AND APPLIED SCIENCE WITH X-RAYS:
UNDERSTANDING COMPLEXITY IN CONDENSED AND LIVING MATTER

LIFE SCIENCE AND 
OVERCOMING 

DISEASES 

MATERIALS AND PROCESSING

ENVIRONMENT AND 
SUSTAINABILITY

~6000 K

~3500 K

~ 1900 K

300 K

GEOSCIENCE

PHYSICS
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ESRF-EXTREMELY BRILLIANT SOURCE: A NEW STANDARD FOR SYNCHROTRON LIGHT SOURCES
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ESRF UPGRADE PROGRAMME 2009-2022
A « landmark » in the ESFRI roadmap

- Investments: 330 M€
- Staff cost: 220 M€
- TOTAL : 550 M€

NEW PERSPECTIVES 
FOR SCIENCE

FIRST PROMISING RESULTS

ESRF UPGRADE: ON THE ESFRI 
ROADMAP SINCE ITS INCEPTION



ESRF-EBS
Extremely Brilliant Source
(2015-2023) - 150 M€ 
• A new generation of 

synchrotron storage ring
• Four new EBS beamlines
• Detector and instrumentation
• Data Analysis as a Service

ESRF UPGRADE PROGRAMME PHASE I (2009-2015) & PHASE II (2015-2023) – EBS 

Purple Book
January 2008

Orange Book
January 2015

ESRF UPGRADE PHASE I
(2009-2015) - 180 M€ :
• 19 upgraded or deeply 

refurbished beamlines 
• Upgrade and renewal of 

facilities and support labs
• Study  for a  new storage ring

2009 2015
2023
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ESRF UPGRADE PROGRAMME –THE QUEST FOR INCREASED BRILLIANCE AND COHERENCE
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x10
4th generation – H/V ~ 1 

Synchrotron X-ray brilliance and coherence to the benefit of science

3rd generation – H/V ~ 1000 

The objectives of the ESRF-EBS project:
 Decrease the storage ring horizontal emittance – HMBA CONCEPT 

(a factor ~40 better than 3rd SR generation)
 Increase the source brilliance (a factor ~ 100)
 Increase the coherence of the beam (a factor ~40)
 Re-use the existing infrastructure (90%)
Minimise the impact on the ESRF activity (dark-brown time)
 Reduce environmental impact – reduce electrical power consumption by ~20%



ESRF-EBS LATTICE VS. PREVIOUS ESRF-DBA LATTICE: DBA  H7BA
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 Previous ESRF lattice (cell)
Double Bend Achromat = 17 M (2 dipoles + 15 quad. sext.) per cell
ID length = 5 m (standard) / 6m / 7m

 EBS lattice (cell)
Hybrid 7 Bend Achromat = 31 M (4 dipoles-lg + 3 dipole-quad + 16 quad., 6 sext., 2 oct.)
ID length = 5 m

DBA

Dipole-quadrupoles

EBS-H7BA

𝜀𝜀 ∝
𝐸𝐸𝑒𝑒2

𝑁𝑁𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 � 𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒
3

31 magnets per cell instead of 17

32 cells (arcs) with 4 girders each
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ESRF-EBS LATTICE VS. PREVIOUS ESRF-DBA LATTICE: DBA  H7BA
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x10
Emittances with EBS: H/V=10 – x100 brighter X-rays 

UPGRADE OF EXISTING 
STORAGE RINGS TO A NEW 

LOW HORIZONTAL EMITTANCE 
LATTICE AND AT THE SAME 
ENERGY IS NO LONGER A 

DREAM:

MANY NEW AND EXISTING 
FACILITIES WORLWIDE 

CONSIDERING AN HMBA 
BASED LATTICE

ESRF-EBS ESRF-3rd G

Energy [GeV] 6.04 6.04

Tunes 75.21, 26.34 36.44, 13.39

Emittance x [pmrad] 134 4000

Emittance y (target) [pmrad] 2 3

Energy loss per turn [MeV] 2.6 4.9

RF voltage (acceptance) [MV] 6 (5.6%) 9 (4%)

Chromaticity 6, 4 4, 7

Circumference [m] 843.98 844.39

Energy spread [%] 0.095 0.106

Beam current [mA] 200 200

Lattice type HMBA DBA

Touschek lifetime [h] ~20 ~80



ESRF-EBS: A MACHINE DREAM BECOMES A REALITY IN 5 YEARS SINCE ITS CONCEPTION
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To the 1st electrons – 28-11-2019

From the idea – 2011/13 To the design – 2014/16

To the installation – 2016/19



25TH AUGUST 2020 : A TIME TO REMEMBER !
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• 28 beamlines take beam

• 200 mA

• 𝜺𝜺𝒙𝒙 = 𝟏𝟏𝟏𝟏𝟏𝟏 𝒑𝒑𝒑𝒑 · 𝐫𝐫𝐫𝐫𝐫𝐫
• 𝜺𝜺𝒛𝒛 = 𝟐𝟐𝟏𝟏 𝒑𝒑𝒑𝒑 · 𝐫𝐫𝐫𝐫𝐫𝐫

The 25th August 2020, first official USM shift starts

ON TIME – WITHIN BUDGET



IVUN22       min. gap 6 mm, Kmax=1.7 
CPMU14.5  min. gap 4 mm, Kmax=1.7

x 230
x 100

CPMUS AT SMALLER GAP: INCREASED BRILLIANCE
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___ U22 Old DBA Lattice
___ U14.5 Old DBA Lattice
___ U14.5 New EBS Lattice



ESRF-EBS: MAIN LATTICE PARAMETERS
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x30 

x40

x10

IVUN22       min. gap 6 mm, Kmax=1.7 
CPMU14.5  min. gap 4 mm, Kmax=1.7
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ESRF: 2021 OPERATION FIGURES



EBS SCIENCE



ESRF-EBS, AN EXTREMELY BRILLIANT SOURCE TO TACKLE GLOBAL CHALLENGES

1. Health, Health Innovation, overcoming 
diseases and pandemics

2. Material for tomorrow, and innovative 
and sustainable industry

3. Clean Energy transition, sustainable 
energy storage and clean hydrogen 
technologies 

4. Planetary research (terrestrial and extra-
terrestrial)

5. Environmental and climatic challenges, 
6. Bio-based economy and food security
7. Humanity and world cultural heritage



CHANGING SCALE, FROM BM05 TO BM18
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CHANGING SCALE, FROM BM05 TO BM18
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Phase-contrast depends on:

- X-ray Coherence

- Propagation-distance

EBS



CHANGING SCALE, FROM BM05 TO BM18
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Phase-contrast depends on:

- X-ray Coherence

- Propagation-distance
BM18

EBS



EBSL3 - BM18, LARGEST HIGH-ENERGY X-RAY IMAGING BEAMLINE IN THE WORLD
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Transfer UHV pipe



EBSL3 - BM18, LARGEST HIGH-ENERGY X-RAY IMAGING BEAMLINE IN THE WORLD
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Main techniques:
• Hierarchical tomography
• Propagation phase-contrast imaging

Main beamline specifications:
• Energy range:25-300 keV (polychromatic)
• 220m long beamline, up to 40m for 

propagation phase-contrast
• Sample size up to 2.5m and 300 kg
• High level of automation and high 

throughput

EBS and refurbishment improvements:
• Smallest possible X-ray source of the EBS
• beam of 35cm with highest coherence 

worldwide for high-energy X-ray imaging.
• Large resolution range (0.7 - 200 µm)



BM18: HIERARCHICAL PHASE-CONTRAST TOMOGRAPHY

Biomedical imaging
• A new scale in 

human body 
knowledge

• Understanding 
effects of diseases

Geology
• origin of 

earthquakes

• Mechanisms of 
volcanoes

• Climate change

Natural and cultural heritage

Material sciences

• Non-destructive control 
of large devices 
(batteries, complex 
mechanical parts)

• Additive manufacturing 
(in-situ and ex-situ)

Industrial applications

• Testing high-value 
objects

• Analysis of 3D structures 
of industrial products

• Industrial processes

• understanding the 
evolution of life on earth

• Non-invasive structural 
study of archaeological 
specimens and art pieces

High sensitivity phase-
contrast tomography in 

large and complex 
samples

Image
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Hierarchical imaging of 
complete human organs, how 

the EBS changed the game
-----------------

P. Tafforeau, M. Ackermann, D. Jonigk, C. Walsh, W. 
Wagner, C. Berruyer, E. Boller, A. Bellier, J. Brunet, M. 

Kuehnel, C. Werlein, J. Jacob, R. Shipley, S. Verleden and
P. D. Lee
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UCL-ESRF HUMAN ORGAN ATLAS PROJECT

An open access database, 
developed as part of the 
EU PaNOSC project.

Published online on 4/11/2021
https://human-organ-atlas.esrf.eu/

The Human Organ Atlas uses  
Hierarchical Phase-Contrast  
Tomography to span a previously  
poorly explored scale in the 
understanding of human 
anatomy,  the micron to whole 
intact organ  scale.

The Human 
Organ Atlas
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ID23-1: GEMINI – MAD BEAMLINE FOR MACROMOLECULAR CRYSTALLOGRAPHY

Structure and mechanism of the methyltransferase ribozyme MTR1 (methyltransferase reaction)

C. P. M. Scheit et al
Nature Chemical Biology 18, 

547 (2022)

Open question:
How ribozymes, the RNA catalysts, can catalyze a site-specific methyl transfer in RNA?
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ID23-1: GEMINI – MAD BEAMLINE FOR MACROMOLECULAR CRYSTALLOGRAPHY

Structure and mechanism of the methyltransferase ribozyme MTR1 (methyltransferase reaction)

C. P. M. Scheit et al
Nature Chemical Biology

18, 547 (2022)

ID23-1 structural data at atomic resolution show that MTR1 folds in a specific way and proposes a 
sophisticated mechanism for the methyl transfer reaction. These studies provide further insights into 
the RNA world hypothesis, suggesting that life on Earth began with RNA molecules
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ID02:TIME-RESOLVED ULTRA SAXS BEAMLINE
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High flux: 1014 photons/sec  
Time resolution: ~ 100 ms
q – range: 10-3 – 50 nm-1

∆q:  2x10-4 nm-1 (FWHM)

XPCS

Φ 2m

Wagon 
(detectors)

y

z

Sample34 m



HIERARCHICAL STRUCTURE OF MUSCLE
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Much smaller specimen, applying physiological protocols, 
addressing clinically relevant questions, etc. 

1. generation SR
2. generation SR

3. generation SR

4. generation SR

Close the current knowledge gap in cardiac muscle regulation
Gain deeper insights into the molecular basis of cardiomyopathies



ID27: HIGH FLUX NANO-XRD BEAMLINE FOR SCIENCE UNDER EXTREME CONDITIONS

Observing of hot dense superionic water

Weck et al. Phys. Rev. Lett. 128, 165701 (2022)

Open question:
What are the phases of warm dense ice present 
in the planetary interiors of Uranus, Neptune and other giant icy exoplanets ? 

Predictions: superionic (SI) state - hydrogen atoms migrate through the oxygen crystal as in a fluid 

Could influence the 
magnetic field of 
Neptune-like planets

HP, HT XRD → reveal superionic ice could occupy a large part of the interior of the planets Uranus and 
Neptune
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EBSL1 – ID18: COHERENT X-RAYS DYNAMICS AND IMAGING
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EBSL2 – ID03: BEAMLINE FOR HARD X-RAY MICROSCOPY
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EBSL8 – ID29: SERIAL MACROMOLECULAR CRYSTALLOGRAPHY
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ID14 (ID18): NUCLEAR RESONANCE SCATTERING
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ID21: X-RAY MICROSCOPY BEAMLINE
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ID24 – ED: HIGH POWER LASER FACILITY
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ID27: HIGH FLUX NANO-XRD BEAMLINE FOR SCIENCE UNDER EXTREME CONDITIONS
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OPERATION: INNOVATION AND INDUSTRIAL APPLICATIONS

2022 Commercial AND INDUSTRIAL ACTIVITIES (2022)

*Committed = orders received for work till year end

Page 52

CRG Beamlines
0.2%

Electronic Structure, 
Magnetism & Dynamics

0.3%

Second Hand 
Equipment 

Sales
1.3%

Services
2.4%

Technology Licences
3.5%

Matter at Extremes
4.3%

X-Ray Nanoprobe
6.1%

Complex Systems & 
Biomedical Sciences

7.2%

Manufacture and Sale 
of Instrumentation

13.9%Structure of Materials
24.6%

Structural Biology
36.5%
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EBS OPERATION: INDUSTRY IMPACT BROCHURE – 12 STORIES WITH INDUSTRY
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• Stories with industry as a facility user, technology user/provider and collaborator
• PDF available on Zenodo: https://doi.org/10.5281/zenodo.5770307
• Print copies available

This work was funded from the EU’s H2020 Research and Innovation 
programme under Grant Agreement No 730872 “CALIPSOplus”.

https://doi.org/10.5281/zenodo.5770307
http://cordis.europa.eu/project/rcn/210183_en.html


ANALYTICAL RESEARCH INFRASTRUCTURES BRING 
NATIONS TOGETHER THROUGH SCIENCE



STUDENT OPPORTUNITIES: INNOVAXN

InnovaXN Marie Skłodowska Curie 
COFUND Programme
Co-funding of 40 PhD student programmes on research driven 
by precompetitive industrial R&D topics

Industrial partner countries in Round 1
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This project has received funding from the EU Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement No 847439.

Industrial sectors of Round 1 (Sept.2020)

APPLYING FOR NEW CALL IN 2023



INNOVAXN PHD PROGRAMME: AN MSCA COFUND PROJECT
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• ESRF and ILL welcomed 20  more PhD students in early  
October 2020 to start projects using X-ray and neutron 
techniques in partnership with companies driving the 
R&D projects

• On 6 December 2021, a half-day symposium brought 
together 36 InnovaXN PhD students, with 5’ 
Interventions to pitch their projects.



Operation 2013: Beamtime
Scheduling

ESRF FOR THE NEXT GENERATIONS: HERCULES PROGRAMME

HERCULES
European School

HERCULES UNIQUENESS relies on a careful balance between lectures from 
internationally well known experts and practical work at cutting edge 
experimental setups, in neutron and synchrotron radiation large facilities

 > 2400 participants since 1991

29 Hercules Annual Sessions (1991-2022)

~75 participants/session
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ESRF-ILL International 
Undergraduate Student 

Summer Programme

• Increase visibility and 
attractiveness of ESRF and ILL 
among undergraduate 
students

• ~170 applications 
• 20 students from 10-15 

countries

ESRF FOR THE NEXT GENERATIONS: UNDERGRADUATE STUDENT SUMMER PROGRAMME
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 A partnership of ESRF and Académie de Grenoble
 ~1 500 high school students every year

• High schools with scientific and technical specializations
 A day of full scientific immersion, with scientific 

experiments carried out
 Schools from all over

Science made by and for the youngsters

8TH ESRF-ILL SUMMER SCHOOL | EPN CAMPUS, GRENOBLE 5 SEPTEMBER 2022 | Francesco SettePage 59

ESRF FOR THE NEXT GENERATIONS: SYNCHROTRON AT SCHOOL PROGRAMME



ESRF: KEEPING SCIENCE AND INNOVATION AT THE FOREFRONT

SCIENCE AND R&D AND CHALLENGES FOR 2021 -2025

IT DIGITAL STRATEGY
and a new DATA-CENTER

INCREASED BRIGHTNESS COHERENCE, 
RELIABILITY AND STABILITY

NEW GENERATION UNDULATORS,
4TH HARMONIC CAVITY,

IMPROVED INJECTION CHAIN, 
PREVENTIVE MAINTENANCE

EBSL3-BM18 
2021

EBSL2-ID03 
2023

EBSL8-ID29
2022

EBSL1-ID18
2024

ID27 – HP
2022

ID24 – XAS
2022

ID14 – NRS
2024

ID21 – uXAS
2021
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CONCLUSIONS
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EXCITING TIME FOR X-RAY SCIENCE!
→ NEW SCIENTIFIC OPPORTUNITIES

→ TECHNOLOGICAL, INSTRUMENTATION AND IT CHALLENGES 

WELCOME 
AT THE 
ESRF!



ESRF – PIONEERING SYNCHROTRON SCIENCE

8TH ESRF-ILL SUMMER SCHOOL | EPN CAMPUS, GRENOBLE 5 SEPTEMBER 2022 | Francesco SettePage 62

THANK YOU FOR YOUR ATTENTION

Looking forward to welcoming you at the ESRF! 
 Twitter @esrfsynchrotron – Instagram @esrf_synchrotron



GRENOBLE AND ITS SURROUNDINGS: A BEAUTIFUL REGION
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THE COUNTRYSIDE ...... 
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.... AND A STIMULATING CULTURAL ENVIRONMENT
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