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• Neutron as a tool for innovation

• What do we see and measure using neutron beam ?

• How to generate intense neutron beams using high power 

proton linear accelerator: The ESS
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AN INNOVATIVE ECOSYSTEM

 See Article ”Innovative Eco-System for Accelerator Science and Technology” https://arxiv.org/abs/2106.00056

Industries benefit from particle accelerator fabrication, operation 

and breakthroughs resulting from large neutron and light sources 

with the typical average proportion of industry use of neutron and 

light-based Large Scale Research Infrastructures in Europe today 

being 20%-40% in collaboration with academia, and 1%-10% 

purely proprietary use, depending on the type of LSRIs.

Adaptability to an African model ?

ESFRI Roadmap 2021

(2018)

https://arxiv.org/abs/2106.00056
https://www.esfri.eu/sites/default/files/ESFRI_Roadmap2021_Public_Guide.pdf
http://roadmap2018.esfri.eu/


Africa-Europe Science & Innovation Summit 
15th-17th June 2021

6

 See Article ”Innovative Eco-System for Accelerator Science and Technology” https://arxiv.org/abs/2106.00056

https://arxiv.org/abs/2106.00056


Educational platforms

77

Schools and MOOC: Nordic Particle Accelerator

Program: https://npaperasmusplus.wordpress.com/about-the-

npap/Project (NPAP) 

Technology and knowledge transfer are the pillars of the development of this innovative ecosystem, using scientific

communication, education and collaboration as their vectors

https://npaperasmusplus.wordpress.com/
https://npaperasmusplus.wordpress.com/about-the-npap/


Educational platforms

88

 Online lectures: ASP - synchrotron and neutron based diffraction and spectroscopic techniques

Technology and knowledge transfer are the pillars of the development of this innovative ecosystem, using scientific

communication, education and collaboration as their vectors

6 lectures

By Prof. Andrew Harrison (Diamond Light Source Ltd, 

Chief Exec.)
 "Neutrons: A Natural Tool for Researchers"

By Dr. Andrew Jackson

 Neutron scattering as a tool to understand 

quantum magnetism: Magnetism and the European 

Spallation Source By Prof. Pascale Deen

 Non-destructive testing with neutrons: Engineering 

materials and components revealed By Dr. Robin 

Woracek
 Fundamental physics possibilities with neutrons at 

the European Spallation Source By Dr. Valentina Santoro

https://www.linxs.se/related-events/2020/11/24/asp-online-lecture-series-the-african-school-of-physics-synchrotron-and-neutron-based-diffraction-and-spectroscopic-techniques
https://indico.cern.ch/event/978444/
https://indico.cern.ch/event/982903/
https://indico.cern.ch/event/983212/
https://indico.cern.ch/event/983217/


BrightnESS survey

To understand the role of key

players in the innovation 

ecosystem that ESS will foster !

9

NEUTRON USERS IN EUROPE: Facility-Based Insights and Scientific 

Trends

https://europeanspallationsource.se/sites/default/files/files/document/2018-06/NEUTRON%20USERS%20IN%20EUROPE%20-%20Facility-Based%20Insights%20and%20Scientific%20Trends.pdf
https://europeanspallationsource.se/sites/default/files/files/document/2018-06/NEUTRON%20USERS%20IN%20EUROPE%20-%20Facility-Based%20Insights%20and%20Scientific%20Trends.pdf


Microscope – Length, Time & energy scales
 See Prof. Sonia Haddad 3 lectures »Material Physics »

 See ASP online lectures  (topic: Neutrons)

By Dr. Andrew Jackson

https://indico.cern.ch/event/978444/ and watch

"Neutrons: A Natural Tool for Researchers"

https://indi.to/rpCQM
https://www.linxs.se/linxs-related-selected-lectures-from-asp
https://indico.cern.ch/event/978444
https://youtu.be/-skxqx5dyiE
https://indico.cern.ch/event/978444/


Neutrons Properties
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Neutrons

Synchrotron X-rays1.675×10-27 kg

X-Ray Neutron

Mass None 1.674928 x 10-27 kg  (1839 electrons)

Spin 1 1/2

Magnetic Moment None -1.9130427 μn

Energy 10 eV – 100 keV 0.1 meV – 0.5 eV

Wavelength 0.01 nm to 100 nm 0.01 nm to 3 nm

Source brightness 106 – 1020

(photons/mm2/s/mrad/0.1%
bandwidth)

1010 – 1014

(neutrons/cm2/s/sr/Å)



Neutrons: all in one …

Wave            Particle          Magnetic moment          Neutral

 They have wavelengths appropriate to inter-atomic distances

 They have energies comparable to molecular motions

 They interact weakly with materials, and can penetrate into the 

bulk

 They are non-destructive (no ionizing radiation, metal

oxidation, reduced risk for artefacts, re-use sample)

 They see a completely different contrast compared to x-rays 

(with appropriate isotope labelling). 



Neutrons: all in one …
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Electrically Neutral – neutrons are non-destructive and can penetrate deep into matter. This 

makes them an ideal probe for biological materials and samples under extreme conditions of 

pressure, temperature, magnetic field or within chemical reaction vessels.

Microscopically Magnetic – they possess a magnetic dipole moment which makes them sensitive 

to magnetic fields generated by unpaired electrons in materials.  Precise information on the 

magnetic behavior of materials at atomic level can be collected.  In addition, the scattering power 

of a neutron off an atomic nucleus depends on the orientation of the neutron and the spin of the 

atomic nuclei in a sample. This makes the neutron a powerful instrument for detecting the nuclear 

spin order.

Ångstrom wavelengths – neutron wavelengths range from 0.1 Å to 1000 Å, making them an ideal 

probe of atomic and molecular structures, be they single atomic species or complex biopolymers.



Neutrons: all in one …
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Energies of millielectronvolts – their energies are of the same magnitude as the diffusive motion 

in solids and liquids, the coherent waves in single crystals (phonons and magnons), and the 

vibrational modes in molecules.  It is easy to detect any exchange of energy between a sample 

of between 1microeV (even 1 neV with spin-echo) and 1eV and an incoming neutron.

Randomly sensitive – with neutrons the variation in scattering power from one nucleus to 

another within a sample varies in a quasi-random manner.  This means that lighter atoms are 

visible despite the presence of heavier atoms, and neighboring atoms may be distinguished 

from each other.  In addition, contrast can be varied in certain samples using isotopic 

substitution (for example D for H, or one nickel isotope for another); specific structural features 

can thus be highlighted.  The neutron is particularly sensitive to hydrogen atoms; it is therefore a 

powerful probe of hydrogen storage materials, organic molecular materials, and biomolecular

samples or polymers.



Ionizing Radiation

Neutrons, having zero electrical charge, do not interact electromagnetically with 

electrons, and so they cannot directly cause ionization by this mechanism.

Ionizing radiation is radiation composed of particles that individually carry enough energy to liberate an 

electron from an atom or molecule without raising the bulk material to ionization temperature. 

When ionizing radiation is emitted by or absorbed by an atom, it can liberate a particle.

Such an event can alter chemical bonds and produce ions, usually in ion-pairs, that 

are especially chemically reactive.

 High precision non-destructive probe



Research Infrastructure w/ Photon and Neutron
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with Neutrons 

eyes

with X-Rays 

eyes

H atoms make up ~50% of atoms of 

biological macromolecules

(lipids, proteins, nucleic acids, 

carbohydrates)

X-Rays
Electrons Neutron

sNucleu

s



Complementarity between X-rays & Neutrons

Neutrons Synchrotron radiation

• Particle beam (neutral subatomic particle)

• Interactions with the nuclei and the 

magnetic moment of unpaired electrons (in 

the sample)

• Scattered by all elements, also the light 

ones like the hydrogen isotopes

• Deep penetration depth (bulk studies of 

samples)

• Less intense beam measuring larger 

samples

• Light beam (electromagnetic wave)

• Interactions with the electrons surrounding 

the nuclei (in the sample)

• Mainly scattered by heavy elements

• Small penetration depth (surface studies of 

samples)

• Very intense beam measuring small or 

ultra-dilute samples

 See Prof. Thierry d'Almeida 2 lectures » Light Sources»

https://indi.to/FLdCv


Complementarity between X-rays & Neutrons
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Neutrons Applications SR Applications

• Magnetic structures & excitations

• Organic structures using the H-D isotope 

effect

• Bulk studies (strains, excitations)

• Low-energy spectroscopy e.g. molecular 

vibrations

• Protein-crystal structures

• Fast chemical reactions

• Surface studies (defects, corrosion)

• High-energy spectroscopy e.g. 

measurements of electron energy-levels



Fields of interest

 See ”Neutrons: A Natural Tool for 

Researchers”

by Dr. Andrew Jackson

https://indico.cern.ch/event/978444/ and watch

https://indico.cern.ch/event/978444
https://youtu.be/-skxqx5dyiE




Scientific challenges

Solid State Physics

Materials Science and Engineering

Chemical Structure, Kinetics and Dynamics

Soft Condensed Matter

Liquids and Glasses

Biology and Biotechnology

Earth and Environmental Science, Cultural Heritage

Fundamental Physics

Real time investigations with realistic dimensions under real conditions

Thin films, pharmaceuticals, supramolecules - structures and functionality

Extreme temperatures and pressures simulating the mantle

Solvent structures, influence of molecular structures on protein folding 

Hydrogen and water , membranes, biosensors, functions 

Left and right handedness of the universe, neutron decay, ultracold neutrons 

Time resolution, molecular rheology, structures and dynamics 

Dynamics of superlattices, wires and dots, molecular magnets, quantum phase transitions 

More Examples: 

Graphene !

Hydrogen storage substrate

Efficient membrane for fuel cells

Room Temperature Super Conductors

Neutron electric dipole moment

Flexible and highly efficient solar cells

Carbone nano-tubes for controlled drug release

Self healing materials – smart materials

Spin-state as a storage of data (1023 gain in capacity)

Unobtainium
Avatar



Outline
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• Neutron as a tool for innovation

• What do we see and measure using neutron beam ?

• How to generate intense neutron beams using high power 

proton linear accelerator: The ESS



Consider ESS/MaxIV equal in terms of functionality

Complementarity between X-rays and Neutrons



Why neutrons?
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• Diffractometers - Measure structures

– Where atoms and molecules are 1 - 10 Ångström

 To analyze the structure of a material from the scattering pattern produced when a beam 

of radiation or particles (such as X-rays or neutrons) interacts with it

 To measure properties of light over a specific portion of the electromagnetic spectrum

1 - 80 meV

• Spectrometers - Measure dynamics

– What atoms and molecules do

In half a century we have developed neutron scattering science with an effective gain in source 

performance of only a factor of 4 !

Cliff Shull

Bert Brockhouse

 See Prof. Sonia Haddad 3 lectures »Material Physics »

https://indi.to/rpCQM


Neutron Energy
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Boltzmann distribution

Source Energy Temperature Wavelength

cold 0.1-10 1-120 30-3

thermal 5-100 60-1000 4-1

hot 100-500 1000-6000 1-0.4
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Diffraction - Bragg

Diffraction of X-rays or neutrons by polycrystalline 

samples is one of the most important, powerful and 

widely used analytical techniques available to materials 

scientists. For most crystalline substances of 

technological importance, the bulk properties of a powder

or a polycrystalline solid, averaged throughout the 

sample, are required; in general a single-crystal data, 

even if they can be obtained, are usually of little interest 

except for determination of the crystal structure or for 

studying some other fundamental physical property.  By J 

Ian Langford and Daniel Louer

X-rays and neutrons  interact with the 

atoms in a crystal.

According to the 2θ deviation, the phase shift 

causes constructive (left figure) or destructive 

(right figure) interferences.
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)()cot( 0 

 sin2d

Diffraction – Bragg 

Using the grains as internal strain gauges

Two ways to measure d:

-keep λ fixed and measure θ - constant wavelength

-keep θ fixed and measure λ - time-of-flight

2qLattice spacing

Strain

Microstructure

Texture

Phase Volume

Single peak

Braggs law gives information about position of a diffraction peak 

from a type of lattice planes. Rietveld approach calculated height, 

position and width of diffraction peaks from first principles.

 See Sonia Haddad presentation ”Materials Physics”

https://indi.to/rpCQM


Neutron scattering

Detector

source

sample

Where are the atoms and what are they doing?

 Nanoscale to Microscale Structural Analysis with Neutrons

By Judith Houston

Platform: CERIC - ACCELERATE

https://vimeo.com/475902128
https://www.ceric-eric.eu/
http://www.accelerate2020.eu/


Neutron Scattering Techniques



Science with Neutrons



Ex: Neutrons for Clean Water

NEUTRONS :  A NATURAL TOOL FOR INDUSTRIAL RESEARCH 31

Understanding Natural Flocculants

2021-07-29

• Removal of contaminant particles is a key 

first step in water purification.

• Chemical flocculants are expensive and 

potentially harmful if released

• The use seed pulp from Moringa oleifera 

trees has been used to clarify water

• Optimising this by finding and using the 

specific proteins that do the flocculation can 

provide a low cost, natural solution for water 

purification.

• (U)SANS and SAXS to find structure and 

concentration of flocs

• Neutron and X-ray tomography (NeXT) 

provides macroscopic map

M.S. Hellsing, et al., Structure of flocs of latex particles formed by addition of protein 

from Moringa seeds, Colloids Surf. A: Physicochem. Eng. Aspects (2013), 

http://dx.doi.org/10.1016/j.colsurfa.2013.11.038 



Life science using neutrons as a tool

Several areas where neutrons are a very good – and complementary - tool:

• To determine the 3-D atomic (crystal) structures of macromolecule (eg. protein or DNA): the structure of 

the molecule is related to its function. Enzymes are bio-catalysts and “seeing” their insides allows us to 

understand how they work .

• Sometimes biological systems are large, complex, and dynamic (i.e. not well-ordered enough to form a 

crystal) – then we need small angle scattering to see larger “shapes” but at lower resolution. Dynamic 

data!

• For layers – like lipid bilayers (eg. cell membranes) – we can use reflectometry, to tell us about the 

thickness and behaviour of the membranes under a variety of conditions (temperature, pH, salt 

concentration etc.)

• Imaging can be done in the same way as taking a photo of an object– but with neutrons we get interesting 

contrast that lets us “see” special features that are not possible with optical or X-ray techniques.

 See Zoe Fischer ”Neutron protein crystallography reveals molecular details of inhibitor binding to clinical targets”

 See More Application of Crystallography to Structural Biology: 

SCIENTIFika - "How do intruders take over their hosts?" by Prof Ada Yonath - Nobel Prize in 

Chemistry in 2009, event organized by ESS and MAXIV on Tuesday 30 March 2021, 16:00 CET

https://vimeo.com/478953240
https://www.maxiv.lu.se/science/scientifika/previous-seminars/
https://youtu.be/2lnsqFKm_AI


Life science using neutrons as a tool



Purpose of deuteration

Localization of hydrogen
atoms in macromolecular 

structures

Appropriate isotope labeling is very 

important (replace H with D wherever 

possible)

X-

ray
Neutro

n

 See Connecting Industrial R&D Staff to State-of-the-Art Neutron Methods series, Oct. - Nov. 2020, CERIC - ACCELERATE

Neutrons enable contrast 

variation through selective 

deuteration of materials (SANS, 

NR):

http://www.accelerate2020.eu/watch-now-%e2%96%baconnecting-industrial-rd-staff-to-state-of-the-art-neutron-methods/


Ex: Small angle neutron scattering (SANS)

35

Scheme of a RNA:protein complex explaining the concept of contrast matching in SANS. The data

were collected on perdeuterated RNA (yellow) and unlabeled protein (gray). Measurement were

done in a mix of D2O/H2O that masked the (gray) unlabeled protein. The deuterated RNA

scattering dominates the curve. Researchers were able to derive a model of RNA (yellow space-

filled model) in the context of the complex from SANS data.

(From Lapinaite et al. (2013) Nature 502, p.519)



Neutron Reflectivity
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Basic principle

Solvent

Interface

Air



Neutron reflectometry (NR)

37

• NR is used to study thin films and 

interfaces on 0.2 to 100 nm scale.

• Similar to SANS, selective isotope labeling 

is very powerful, especially for biological 

samples.

• Measure nuclear scattering length density 

profiles perpendicular to the membrane 

surface.

• Gives information about the internal 

organization of the membrane/interface 

under different conditions

• Well suited to the study of lipids and 

biological membranes.



Ex: Neutron reflectometry (NR)

38

A diagram showing the orientation of potent antifungal drug AmB in relation to the layer thickness

in a lipid membrane. The experiments using NR were done on membranes with different lipid

components and showed that the efficacy of the drug was strongly dependent on the lipid

composition. This could help explain why AmB causes toxic side effects in human but also how it

works to disrupts fungal membranes.

(From de Ghellinck et al. (2015) BBA Biomembranes 1848, p. 2317.)



Ex: Plant antimicrobial & antifungal proteins
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Common Smudge (Cochliobolus sativus)

Glumbe Blotch (Stagonospora nodorum)Tan spot (Pyrenophora tritici-repentis)

Stripe blight (Pseudomonas syringie)

α-purothionins

α1-Pth KSCCRSTLGR NCYNLCRARG AQKLCAGVCR CKISSGLSCP KGFPK

α2-Pth KSCCRTTLGR NCYNLCRSRG AQKLCSTVCRCKLTSGLSCPKGFPK

(A)

(B) (C)

Neutron reflectometry used to 

determine how plant defence 

proteins from common wheat 

interact with cell membranes.

Clifton et al. Phys. Chem. Chem. Phys., 2012, 14, 13569-13579

http://agdev.anr.udel.edu/weeklycropupdate/wp-content/uploads/2008/06/tanspot.jpg


NPX: the ability to “see” Hydrogen atoms
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Elucidate enzyme mechanism and function
Protonation states, orientation of amino acid residues
Observe water structures/H-bonded networks
Discerning solvent species (D2O vs OD- vs D3O

+)

It can also: tell us about H/D exchange kinetics, minimal protein folding domains and solvent 
accessibility, drug/inhibitor/substrate binding interactions.

 See Zoe Fischer ”Neutron protein crystallography reveals molecular details of inhibitor binding to 

clinical targets”

with X-Rays 

eyes

with

Neutrons 

eyes

https://vimeo.com/478953240


Neutron Protein Crystallography (NPX)

41

• NPX is used to determine the atomic crystal structure of protein molecules. Uses neutrons in the 

wavelength range ~ 0.7 to 7 Å

• Single crystal Bragg diffraction (can be monochromatic or Laue) – same as X-ray diffraction 

theory.

• Data quality is significantly weaker and takes longer to collect. Quality, speed enhanced in 

labeled samples, still requires large crystals. 

 See Zoe Fischer ”Neutron protein crystallography reveals molecular details of inhibitor binding to 

clinical targets”

 NMX Instrument:

See Kalliopi Kanari ”Neutron 

Sources: Thermal neutron 

detection at ESS”

https://vimeo.com/478953240


Sample needs

• All of these neutron techniques in life sciences/soft matter require 

large amounts of either fully deuterated or partially deuterated 

samples.

• In the case of NPX these samples also have to be crystallized, and 

the crystals have to be large (added layer of complexity).

• These materials are expensive or time consuming to make and often 

require specialized knowledge and equipment.

• ESS aims to establish support labs so that users can get advice and 

support to prepare enough of the proper sample, characterize their 

sample. 

• The helps ensure the best possible use of their allocated beam time.

42

DEMAX



Neutrons reveal how drugs interact with 
disease targets

Image: Fisher, S. Z. et al. 2012 JACS

The enzyme carbonic anhydrase 

transports CO2 and regulates 

blood acidity. It is a major player 

in some cancers, glaucoma, 

obesity and high blood pressure

Neutron crystallography pinpoints 

protons and waters in the active 

site, showing how the drug 

Acetazolamide binds



Ex: Adding Value and Stability to Fermented 
Milk Drinks

Fermented milk products are a consumer success, but 

their low-pH level is inherently unstable. This can be 

remedied by adding natural biopolymers as stabilizers. 

Neutrons can describe how two different pectin 

stabilizers affect the milk protein particles in very small 

scales. Food companies can use the results to further 

understand the mechanistic aspects of their stabilizers. 

Case: University of Copenhagen, Denmark

http://nxus.dk/onewebmedia/Dupont_onepager.pdf



Ex: Advanced Materials for Health

Double network hydrogels provide strength and resilience together with 

high water content.

Gel structure forms over multiple length scales.

Kinetics of gelation can be rapid needing sub-second time resolution.

Neutrons provide the structure of each component in the presence of the 

other.

Swelling of a double 

network hydrogel 

designed for use as a 

cornea replacement. 

(Frank Group, Stanford)

45



Outline
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• Neutron as a tool for innovation

• What do we see and measure using neutron beam ?

• How to generate intense neutron beams using high power 

proton linear accelerator: The ESS



High time average and peak flux
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Spallation
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101
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301

1960 1970 1980 1990 2000 2010 2020 2030

Reactor sources
Accelerator-driven sources

CSNS

2-3 neutrons per process
Fission of uranium in nuclear reactor

30+ neutrons per process

Spallation on target using proton accelerator 

Many research reactors in Europe are aging and will close soon

Urgent need for a new high flux cold neutron source in Europe
• The vast majority of users will profit from a pulsed structure

• A large fraction of the users are fully satisfied by a long pulse source 

(approx 2 ms, 20 Hz)

• Existing short pulse sources (ISIS, JPARC and SNS) can supply the present 

and imminent future need of short pulse users



The ESS Machine
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ION 

SOURCE ACCELERATOR

602,5 M

ELECTROMAGNETIC 

FIELDS ACCELERATE THE 

PROTONS

(VIA KLYSTRONS) 

96% OF SPEED 

OF LIGHT

MAGNETS FOCUS 

THE PROTON 

BEAM

THE TUNNEL BECOMES 

SUPERCONDUCTING 

WHEN COOLED WITH 

LIQUID HELIUM  (-2710C)

TARGET

EXPERIMENTAL HALL 3

EXPERIMENTAL HALL 2

EXPERIMENTAL HALL 1

NEUTRON BEAMS

INSTRUMENT

SAMPLE

(MATERIAL)

TUNGSTEN

4,9 

TONS

TARGET WHEEL  2,5 

M

MONOLITH

5800 TONS

NEUTRONS

PROTONS

LABS/OFFICESHYDROGEN 

MOLECULE

NEUTRONS BRING INFORMATION 

ABOUT THE MATERIAL’S 

STRUCTURE AND DYNAMICS (ON 

A MOLECULAR LEVEL).



Energy perspectives



ESS in-kind partners make ESS possible…
Aarhus University

Atomki - Institute for Nuclear Research

Bergen University

CEA Saclay, Paris

Centre for Energy Research, Budapest

Centre for Nuclear Research, Poland, (NCBJ)

CNR, Rome

CNRS Orsay, Paris

Cockcroft Institute, Daresbury

Elettra – Sincrotrone Trieste

ESS Bilbao

Forschungszentrum Jülich

Helmholtz-Zentrum Geesthacht

Huddersfield University

IFJ PAN, Krakow

INFN, Catania

INFN, Legnaro

INFN, Milan

Institute for Energy 

Research (IFE)

Rutherford-Appleton 

Laboratory, Oxford(ISIS)

Kopenhagen University

Laboratoire Léon Brilouin (CEA – CNRS –

LLB)

Lund University

Nuclear Physics Institute of the ASCR

Oslo University

Paul Scherrer Institute (PSI)

Polska Grupa Energetyczna - PGE

Roskilde University

Tallinn Technical University

Technical University of Denmark

Technical University Munich

Science and Technology Facilities Council 

UKAEA Culham

University of Tartu

Uppsala University

WIGNER Research Centre for Physics

Wroclaw University of Technology

Warsaw University of Technology

Zurich University of Applied Sciences 

(ZHAW)

516
Employees

57
Nationalities

> 40
Collaborating Institutions



ESS Instrument Suite

Multi-Purpose Imaging

ODIN

General-Purpose SANS
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Broadband SANS

LOKI

Surface Scattering
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HEIMDAL
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Spectrometer VESPA

Backscattering 

Spectrometer 

MIRACLES

High-Resolution Spin-

Echo

Wide-Angle Spin-Echo

Fundamental & Particle 

Physics
life sciences magnetism & 

superconductivity

soft condensed matter engineering & geo-

sciences

chemistry of materials archeology & heritage 

conservation

energy research fundamental & particle 

physics
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Instrument Suite
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MAGIC

T-REX

VESPA

FREIA
ESTIA

ODIN

BEER

CSPEC BIFROST

MIRACLES

SANS LOKI, SKADI

Reflectometry ESTIA, FREIA

Powder Diffraction DREAM, HEIMDAL

Single-Crystal Diffraction MAGIC, NMX

Imaging & Engineering ODIN, BEER

Direct-Geometry 

Spectroscopy

CSPEC, T-REX

Indirect-Geometry 

Spectroscopy

BIFROST, MIRACLES, 

VESPA

LoKI

DREAM

NMX

SKADI

HEIMDAL
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Macromolecular Crystallography

NMX BEER

C-SPEC
BIFROST

MIRACLES

MAGIC T-REX

HEIMDAL

LoKI

FREIA

ESTIA

SKADI

VESPA

DREAM
ODIN

Engineering diffractometer

Cold chopper spectrometer

Extreme environment spectrometer

Backscattering spectrometer

Magnetism single crystal diffractometer

Bispectral chopper spectrometer

Hybrid diffractometer

Liquids Reflectometer

Broad band SANS

Focusing Reflectometer

General Purpose SANS) 

(+SONDE funds)

Vibrational 

spectroscopy

Bispectral powder 

diffractometer

Multi-purpose imaging

Instrument Suite



Examples of instruments

BEER

Engineering diffractometer



Target design
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Materials specification

Examples of specification transmitted to suppliers: 

• Steel, iron (and Cobalt content) (Test @ 

ISOLDE and analysis @ DTU)

• Be, lead (and antimony content)

• Maximum grain size for Beryllium (20um) and 

Niobium (0.064 mm )



ESS Target and Target building

Target Building

• Utilities and cooling plant

• Remote handling systems



Helium cooling of 

target material
 Mass flow 3 kg/s

 Pressure 11 bar

 Temperature inlet/outlet 

40 °C/240 °C

proton

beam 

window

proton beam 

instrumentation 

plug

Moderator and 

reflector

target 

wheel 

neutron beam 

extraction 

port

monolith 

vessel

target 

monitoring 

plug

Rotating solid tungsten target
 36 sectors

 Mass, total 11 tonnes, whereof 3 tonnes of W

 Rotates 23.3 rpm, synchronized with pulsed proton beam 14 Hz

Moderators
 Provisional locations of moderators above and 

beneath the target wheel, i.e. monolith centre

 1st MR plug exploits the upper space, offering:

 Cold, 30 mm high, liquid H2 moderators, 17 K

 Thermal, 30 mm high, H2O moderator, 300 K

Diagnostics and instrumentation
 Controlled and integrated commissioning and 

operation of the accelerator and target 

 Fluorescent coating of PBW and target front face

 Optical paths, grid profile monitor, aperture monitor

 Wheel monitoring including position, temperature, 

vibration, as well as internal structure 

Key features of the ESS Target Station

Target Safety System
 Monitors target coolant flow, 

pressure and temperature, 

monolith pressure, 

& target wheel rotation

 Prohibit beam on target if 

parameters are outside specified 

limits



36 sectors of tungsten-filled cassettes

Tungsten depth in the proton beam direction is 45 cm

The range of a 2-GeV proton in tungsten is 74 cm

Brick dimensions: 10 W x 30 D x 80 H mm3

190 bricks per sector, 6840 bricks in total

Helium flows 

 radially outward above and below the cassette,

 reverses direction at the wheel rim,

 and returns through the tungsten 59

Tungsten bricks

Cassette



Remote Handling Systems



High Power

Linear Accelerator:

• Energy: 2 GeV

• Rep. Rate: 14 Hz

• Current: 62.5 mA

16 Instruments in 

Construction budget

Committed to deliver 22 

instruments by 2028

Peak flux ~30-100 

brighter than the ILL

Target Station:

• He-gas cooled rotating

W-target (5MW 

average

power)

• 42 beam ports

Ion Source

Basic design principle



ESS Linear Accelerator Layout
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352.21 

MHz

704.42 
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Key parameters:

Long term goal:

5 MW average beam power

2 GeV

62.5 mA peak

2.86 ms long pulses

14 Hz

4 % duty cycle

Stage approach: 

 2 MW, 15 instruments

96% of acceleration will be provided by superconducting cavities supplied by dedicated high power RF sources



Accelerating particles
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Beam

RF Input Power Amplifier (Klystrons)

Power Coupler

Gap

Waveguide

Electron Proton

Rest mass [Kg] 9.11E-31 1.67E-27

Rest mass [MeV] 0.511 938

V~0.95 c [MeV] 1.1 2000

ratio 1 1836

Electro-Magnetism – Lorentz and Maxwell

b º
v

c
=
pc

E

g º
1

1- b 2

momentum p = gmv

total energy E = gmc2

kinetic energy K = E -mc2

E 2 = mc2( )
2

+ pc( )
2

𝐹 = 𝑒𝑣𝐵 =
𝑚𝑣2

𝜌
=

𝛾𝑚0𝑣
2

𝜌
magnetic rigidity𝑝

𝑒
= 𝐵𝜌 𝐵𝜌 T.m ≈

𝑝 GeV/c

0.3

In plane normal to 𝐵: 

 See Prof Gang Wang 3 lectures

DC AC

https://indi.to/Gzg57


Particle Accelerator Main Ingrédients
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1- Ion Source to produce the charged particles 

to be accelerated (h+ or h-)

4- Vacuum chamber to minimize scattering of the beam 

particles by gas particles 

3- Magnets are used to bend and focus the particle trajectories 

 could be SUPRA

2- Accelerating structures to accelerate charged particles 

 could be SUPRA

5- Cooling systems to remove the heat dissipated in accelerator components; use of superconducting magnet 

and cavity

6- Beam diagnostics to provide information about the beam intensity (current), position, beam profile and 

beam loss

7- Control system to record and control each equipment

Courtesy Caterina 

Biscari



Environment - Superfluidity Helium 
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Normal-fluid fraction: 

- excited states atom (phonons & rotons) 

 like a conventional viscous fluid 

- finite density , rn

- finite viscosity, 

- entropy, s

Superfluid fraction: 

- atoms that have undergone BEC

 like an ideal inviscid liquid resulting in the 

absence of classical turbulence. 

- finite density, rs

- NO viscosity 

- carry NO entropy 

 irrotational behavior for an inviscid fluid

 but vortices can be generated in the 

superfluid component
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Quantized vortices

Counter-flow turbulence

• Helium (25 %) is the most common element in Universe after Hydrogen (73 %)

• Two isotopes: 3He (fermion) & 4He (boson)
Macroscopic quantum physic 

system simplification

The two-fluid model is only a 

phenomenological model !

No bulk flow

Heat flux

Counter-flow mechanics
 

super-fluid component 

normal-fluid component 

cold end warm end 
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Accelerating particles

 High  Elliptical cavity Low  Spoke cavity

Equivalent circuit for a 4 cell cavity with beam 

pipe

v/c

For ESS, the Spoke and Elliptical cavities 

operate in a saturated superfluid helium bath



Accelerator ionization radiation

6767

d=/2

Product specification by IK 

following ESS requirements:

- Radiation-hard (e.g. 

electronics, materials, 

instrumentation,)

- Risk Analysis

- Preventive maintenance and 

monitoring

 See ACCELERATE lecture

"Radiation Safety for Particle Accelerator - Synergies between Research Infrastructures and Industry"

Threshold < to 0.1 W/m (1/10), 

e.g. 0.1 Gy/hr expected 50 cm 

from the beam line

https://vimeo.com/470552875
https://vimeo.com/470552875
https://vimeo.com/470552875
https://vimeo.com/470552875


Example of innovation

Impact:

- In-house design has permitted to reduce the 

budgeted costs by 70% and the space 

requirements by 80% !

- ESS in partnership with University, industries and 

In-Kind collaboration

Stacked Multi-Level (SML) Modulator

115kV/100A; 3.5ms/14Hz

reduce flicker from the local grid



A layered control system
(1 600 000 signals)



System integration

70



DATA Process and innovation 

7171

Whether the evolution takes a semantic or cognitive route or a combination of both, future possibilities are probably 

beyond our imagination !

 Access to knowledge has become simpler and large quantities of data can be exchanged in a timely manner. 

 Smart/agile data storage, formatting and standardization are required to establish a FAIR data principle.

Data - DMSC, AI and ML applied to ESS accelerator

Novel ways to communicate – www, VR, AR



References – people 

Life sciences @ ESS : Zoë Fisher zoe.fisher@esss.se

Protein crystallography: Esko Oksanen esko.oksanen@esss.se

Neutron reflectometry: Hanna Wacklin hanna.wacklin@esss.se

Small angle scattering: Andrew Jackson andrew.jackson@esss.se

Imaging: Robin Woracek  robin.woracek@esss.se

Web information on soft matter, life sciences at ESS:

https://europeanspallationsource.se/page/soft-condensed-matter-life-science

mailto:zoe.fisher@esss.se
mailto:esko.oksanen@esss.se
mailto:hanna.wacklin@esss.se
mailto:andrew.jackson@esss.se
mailto:robin.woracek@esss.se
https://europeanspallationsource.se/page/soft-condensed-matter-life-science


References – books 

oB.T.M. Willis & C.J. Carlile ‘Experimental Neutron Scattering’, Oxford University Press

oG.L. Squires ‘Introduction to the Theory of Thermal Neutron Scattering’, Cambridge University Press / Dover

oW.I.F. David, K. Shankland, L.B. McCusker, and C. Bärlocher (Eds.) ‘Structure Determination from Powder Diffraction Data‘ 

IUCr Monographs 13 

oLiyuan Liang, Romano Rinaldi, and Helmut Schober, eds, ‘Neutron Applications in Earth, Energy and Environmental Sciences’, 

ISBN 978-0-387-09415-1, Springer 2009

oA Furrer, J Mesot, T Strässle, ‘Neutron Scattering in Condensed Matter Physics;, World Scientific, Google, ISI Web of Science, 

ScienceDirect..

oRF Linear Accelerators, T.P. Wangler, Wiley, 2008

oRF Superconductivity for Accelerator, H. Padamsee, J. Knobloch, T. Hays, Wiley, 2011

oAn introduction to particle accelerators, E.J.N. Wilson, Oxford Univ. Press, 2001 

oAn introduction to the physics of high-energy accelerators, D.A. Edwards & M.J. Syphers, Wiley, 1993

• US-Particle Accelerator School, http://uspas.fnal.gov/materials/materials-table.shtml

• CERN Accelerator School, http://cas.web.cern.ch/cas

• JUAS, https://espace.cern.ch/juas/SitePages/Home.aspx

http://uspas.fnal.gov/materials/materials-table.shtml
http://cas.web.cern.ch/cas
https://espace.cern.ch/juas/SitePages/Home.aspx


Concluding comments

- Innovative techniques driven by 

− Neutrons: ideal probes to serve unique research fields: Science for Society 

− Technical specifications of Instruments, target and accelerator

− Radiation environment 

− Large data collection

− Organization (CERIC) and team work

Learn more tomorrow: Kalliopi Kanari ”Neutron 

Sources: Thermal neutron detection at ESS”



Back-up SLIDES
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Beam:

Neutron (SANS)

or X-ray (SAXS)

Measures structures at length scales

from 1 nm to 100 nm

Qmin≈0.03°,  Qmax≈3°

SANS: Experimental Setup

In a standard crystallography experiment, theta_max is typically 45 degrees



Radiation Safety overview
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Following the international recommendations

by the IAEA, ICRP, EURATOM

Radiation safety is one of the components of safety and is concerned with

maintaining control over radiations sources, whereas radiation protection is 

concerned with controlling exposure to radiation and its effects.

Radiation safety consists of the implementation 

of provisions at all stages of the facility lifecycle

(design, manufacturing, installation, 

commissioning, operation including

maintenance, decommissioning) in order to 

prevent accidents and mitigate their

consequences.



Safety Radiation and Licensing 
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IAEA and National Regulations, Swedish Radiation Safety Authority

(SSM)
ESS is not considered as a nuclear facility but as a complex facility, 

which has to comply to special conditions issued by SSM in addition 

to the relevant parts of the existing regulation



Radiological hazard identification
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IAEA and National Regulations

Risk assement to define category:

Radiation safety objectives expressed as 

dose limits, dose constraints and design 

criteria, for each event class, or the different 

categories of workers and for the public.

Events and circumstances that can affect

the facility and its environment are ranked

based on their likelihood.





Engineering Design
Engineering process approach:

FNAL Engineering Manual
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• This risk-based graded approach 

provides safe, cost-effective and 

reliable designs. 

• The implementation flexible to loop 

within the given sequences. 

https://news.fnal.gov/2019/08/know-your-fermilab-engineering-manual/

