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EPICS Summer School



Determine both the structure and the fluctuations 
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Mission statement: 

Opening-up the World of Materials

or Develop a GPS for atoms (and spins)



• Researchers have a vast toolbox at their disposition.

• When it comes to Large Scale Analytical Facilities Europe has the lead.

• Neutrons are an indispensable element of the box, and the ESS is Europe’s next neutron flagship.
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Mission statement: 

Opening-up the World of Materials

or Develop a GPS for atoms (and spins)



In addition to imaging, we use scattering.

The trick consists in converting distances into angles!

The wavelength acts as a conversion parameter.
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Why neutrons 

matter!

• Access to the most 

relevant space and 

time dimensions.

• Direct and quantitative 

access to the relevant 

structural and 

dynamic information.

• Complementary 

contrast to X-rays.

• Extremely sensitive to 

magnetism.

• Possibility of contrast 

variation.

• Gentle probe, i.e., 

non-destructive.

• Highly penetrating.

• …

• Structure

• Excitations

• Motions and Relaxations



A  few illustrative examples



Structure on the micro-scale: In-situ imaging

Continuous current operation

Pulsed current operation

Monitoring CO2 conversion



Observing batteries in operando

Matteo Bianchini, Emmanuelle Suard, Laurence Croguennec, 

and Christian Masquelier, Journal of Physical Chemistry C, 2014.



Strain scanning
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Reduce device failure, improve production processes, and quality control

Courtesy: ILL



Helping fight diseases
Understanding the main Protease of Sars-CoV-2

Kneller et al. J. Biol. Chem. 2020

To understand the enzymatic process it is important to know the charge state.

With more than 100 chemical choices at hand experimental insight is needed.

This insight can today only be provided by neutron diffraction. 

0

First cysteine (coronavirus) protease neutron structure:

non-canonical catalytic dyad is zwitterionic 



Helping fight diseases
Exploring non-canonical interactions

Alessandra Luchini et al., Scientific Report, 2021



Determining thermal conductivity

Lauda-Noah



Quantum topology

Measuring entanglement

Two weakly coupled quantum bits (S=1/2) 

(Cr7Ni)2 supra-molecular dimer

Image credit - Flickr/ IBM Research, 

licensed under CC BY-ND 2.0



How do we 

create intense  

beams of 

neutrons!



Freeing the neutrons from the nucleus
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Spallation offers

• highest efficiency 

• no criticallity

• pulsed operation

It requires sophisticated 

• powerful accelerators

• resilient targets



Fission in a reactor



Getting the neutrons out of the nucleus
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Fission Basics

•Each fission event yields about 202.5 MeV of 

energy

★181 MeV prompt fission energy

•169 MeV kinetic energy of daughter 

nuclei

•4.8 MeV for 2.5 neutrons

•≈7 MeV prompt gamma rays

★21 MeV delayed fission energy

•β-decay of fission products that are 

too rich in neutrons to be stable



The reactor neutrons are too energetic for most of 

our purposes (irradiation is an exception).

We must moderate them.

Getting the neutrons out of the nucleus
Fission Basics

Cold Neutrons                        0.1-10 meV

Thermal Neutrons                 10-100 meV

Hot Neutrons                     100 - 500 meV

Epithermal Neutrons               > 500 meV

Narrow
distribution



Moderation via D2O, delayed neutrons from the moderator are essential for the control

UAl fuel element (currently still 93 % HEU), as compact as possible.

Cuve à eau lourde

Barre de sécurité

Elément combustible

Source froide

Canal ou doigt de gant

Piscine H2O

Courtesy B. Desbrière

The reactor core
As compact as possible

Courtesy: ILL



Spallation using a proton accelerator
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Tungsten is:

• Stable

• Abundant

• Has the right 

mechanical 

and thermal 

properties.

N/Z 1.43-1.56

Z 
70-83
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Source development
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Neutron Science is intrinsically intensity limited. As most experiments require 
wavelength discrimination a pulsed source has intrinsic advantages.

n/MW/s:

Fission: 7x1016

Spallation@1GeV: 

1.5x1017

To fully exploit we 

require:

•high proton beam 

power and

•a time structure that 

is adapted to the 

neutron moderation 

time. 

Berkeley 37-inch cyclotron

350 mCi Ra-Be source

Chadwick
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(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986) 
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Source development
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What pulse length do we want?

0 100μs 200μs 0 3 ms
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Short-Pulse Source

Pulse width determined by moderator

coupled

decoupled

poisoned

Long-Pulse Source

Pulse width determined by pulse shaping choppers

This creates an intrinsic timescale



Spallation Neutron Source in Oakridge

A prototypical short pulse source



The problem is not to create too short a 
pulse



The ESS bet: a long-pulse source
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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

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



We use different structures to efficiently 
accelerate the beam of protons
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Spokes Medium β High βDTLMEBTRFQLEBTSource HEBT & Contingency Target

2.4 m 4.6 m 3.8 m 39 m 56 m 77 m 179 m

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV

352.21 MHz 704.42 MHz

Acceleration of ”bunches” of ~1 billion protons is done by rapidly oscillating electric fields with periods of 

2,84 ns or 1,42 ns in almost 900 “gaps” 

Room 

Temperature
2 Kelvin in 

cryomodule



ESS linear accelerator layout 
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Spokes Medium β High βDTLMEBTRFQLEBTSource
HEBT & 

Contingency Target

2.4 m 4.6 m 3.8 m 39 m 56 m 77 m 179 m

75 
keV

3.6 
MeV

90 
MeV

216 
MeV

571 
MeV

2000 MeV

352.21 

MHz

704.42 

MHz

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

Staged approach: 

→ 2 MW, 15 instruments

96% of acceleration will be provided by superconducting cavities supplied by dedicated high power RF sources
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Accelerator
All components installed and 

commissioned.

Scope extended to securing 

2 MW operations by having a 

3 MW capability available.

Status: in operation.



ESS Target layout

29

proton

beam window

proton beam 

instrumentation plug

Moderator and 

reflector

target 

wheel 

neutron beam 

extraction port

monolith vessel

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

Helium cooling of 

target material
➢ Mass flow 3 kg/s

➢ Pressure 11 bar

➢ Temperature inlet/outlet 

40 °C/240 °C
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Converting a 5 MW beam of protons into beams of thermal and 
cold neutrons of unprecedented brilliance



Long-pulse performance
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λ = 5 Å

ISIS TS1

128 kW

ISIS TS2

32 kW

SNS

2 MW 

JPARC

1 MW

ILL 57 MW

ESS 2016 design 5 MW

ESS 2013 design (TDR)

2 MW

ESS 2016 design

2 MW

  08/23/16 23:48:32

Input File:

probid =   08/23/16 23:48:12

basis:   XY

( 0.000000, 1.000000, 0.000000)

( 1.000000, 0.000000, 0.000000)

origin:

(     0.00,     0.00,    13.70)

extent = (    40.00,    40.00)

water

para-H2

time (ms)

Butterfly shape moderator

H2O

Para-H2



Magnetism & 

superconductivity

Engineering & 

Geo-sciences

Archeology & Heritage 

conservation

Life sciences

Soft condensed matter

Chemistry of materials

Energy research

Exploiting the 
latest advances in 
the manipulation 
and detection of 
neutrons



ESS Target building layout
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distance 

time 

T	

L2	

L1	
τ	

T/𝜏 = 25 ⟹ L2/L1 = 25

L1 = 6.3 m ⟹ L2 = 157.5 m
⟹  = 1.8 Å



A typical instrument: CSPEC
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Exploiting all possible advances in controls
Integrate latest evolution while providing maximum reliability



Exploiting all possible advances in controls
Integrate latest evolution while providing maximum reliability

Why controls are so important.

What the user wants first of all is reliability.

What is not even to be discussed is safety.

In a complex highly interconnected system 

of components this requires absolutely 

outstanding robustness of the controls. 



Opening-up 

the 

World of 

Materials
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