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• Subatomic particles found in atomic nuclei
• Discovered in 1932 by Chadwick
• Mass slightly higher than that of protons (~1.67×10−27 kg)
• Uncharged
• Lifetime ~15 mins
• Wave-particle duality (v = 2.2 km/s at RT)
• Wavelength similar to atomic distances (λ = 0.18 nm at RT)
• Energies similar to motion of molecules (~ 0.025 eV)
• Possess a spin

Neutrons 



Generating neutrons : Fission
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Element (e.g. 235U) that readily 
decays with neutron release 
and upon bombardment with 
a neutron then splits to 
release more neutrons 
generating a chain reaction

In nuclear reactors, the rate 
of the reaction is controlled 
with absorbing materials 
that remove some of the 
produced neutrons



Generating neutrons : Spallation
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A high energy pulsed 
electron or proton beam is 
used to bombard a heavy 

metal target. 

20 - 30 neutrons produced 
per proton.

ISIS Facility, Rutherford-Appleton Lab, UK



“Monochromatic” vs Time-of-flight
Reactor versus spallation 
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Some of the neutrons all of the time All of the neutrons some of the time

Varying angle to access different Q values Varying angle and wavelength to access 
different Q values





Global neutron source landscape

7

Fission reactors :
ILL (France) – 58 MW thermal, 50-
day fuel cycle, 4 cycles / year

HFIR (USA) – 83 MW thermal, 23-
day fuel cycle, 6-7 cycles / year

Cyclotron accelerator-based:

SINQ (PSI/Switzerland) – 1,4 MW 
proton beam power producing 
muons and spallation neutrons

Continuous Sources Pulsed Sources

ESS bridges the space 
between continuous and 
short-pulsed sources and 
opens up new techniques 

and opportunities

Long-pulse driven by linear 
accelerator pulse length 2,86 
milliseconds
ESS (SE/DK) – 14 Hz, 0,8 – 2 GeV, 2-5 
MW proton beam power

Short-pulse driven by linear 
accelerators and accumulator rings, all 
beam structures less than 1 microsecond
SNS (USA) – 60 Hz, 1,05 GeV 1,7 MW proton 
beam power - Hg target

LANSCE (USA) – 20 Hz, 0,8 GeV 80 kW proton 
beam power – W target

Short-pulse driven by rapid-cycling 
synchrotron accelerators (RCS), all 
beam structures less than 1 microsecond
J-PARC MLF (Japan) – 25 Hz, 3 GeV RCS up to 
1 MW proton beam power – Hg target

ISIS (RAL/UK) – 50 Hz, 0,8 GeV RCS up to 200 
kW proton beam power providing muons and 
spallation neutrons divided between TS-1 (40 
Hz) and TS-2 (10 Hz) – W target

CSNS (China) – 25 Hz, 1,6 GeV RCS up to 100 
kw proton beam power – W target
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A neutron source generating 

5 x 1018 fast neutrons/sec 

at a max power of 58 MW

The ILL benefits from the world’s most intense continuous 
neutron source operating since 1971
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NEUTRONS PRODUCTION BY CONTROLLED CHAIN REACTION

A neutron source generating 

5 x 1018 fast neutrons/sec 

at a max power of 58 MW
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HOW NEUTRONS ARE EXTRACTED AND GUIDED
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HOW NEUTRONS FEED THE INSTRUMENT SUITE



THE ILL’S INSTRUMENT SUITE



(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic Press, 1986) 

Neutron Source Brightness



How ESS works
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The technology



Long-pulse Performance and Flexibility
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λ = 5 Å

ISIS TS1
128 kW

ISIS TS2
32 kW

SNS
2 MW 

JPARC
1 MW

ILL 57 MW

Possibilities of pulse shaping
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updated engineering model
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Time-of-Flight Neutron Scattering
de Broglie relation (tof (muS) = 252.78*λ(Å)*L(m))

We use time-distance diagrams to visualise 
chopper operation.

Slope of lines is neutron velocity = wavelength

⌧ =
L

v

� =
h

mv

⌧ =
m

h
L�

⌧ [ms] =
L[m]�[Å]
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Neutron Instruments
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Instrument Beamport

LoKI N7

FREIA N5

Estia E2

SKADI E3

VESPA E7

DREAM S3

ODIN S2

NMX W1

BEER W2

CSPEC W3

BIFROST W4

MIRACLES W5

MAGiC W6

T-REX W7

HEIMDAL W8

West Sector

South Sector
East Sector

North Sector

15 instruments + Test Beamline

Diffractometers (DREAM, MAGiC, HEIMDAL)
SANS (LoKI, SKADI)
Reflectometers (Estia, FREIA)
Imaging (ODIN)
Engineering Diffraction (BEER)
Macromolecular Crystallography (NMX)
Spectrometers (CSPEC, T-REX, BIFROST, MIRACLES, VESPA)

Novel detector technologies and geometries
Complex pulse-shaping

Shared neutron bunker – common space for components
Common timing system for facility
Single controls infrastructure (EPICS)
Control and data recording running remotely from instrument

Andersen, K. H.; Argyriou, D. N.; Jackson, A. J. et al. The Instrument Suite of the European Spallation Source. 
Nuclear Instruments and Methods in Physics Research Section A: 2020, 957, 163402. 
https://doi.org/10.1016/j.nima.2020.163402.

https://doi.org/10.1016/j.nima.2020.163402


Neutron Instruments for soft/bio science
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Instrument Beamport

LoKI N7

FREIA N5

Estia E2

SKADI E3

VESPA E7

DREAM S3

ODIN S2

NMX W1

BEER W2

CSPEC W3

BIFROST W4

MIRACLES W5

MAGiC W6

T-REX W7

HEIMDAL W8

West Sector

South Sector
East Sector

North Sector

15 instruments + Test Beamline

Diffractometers (DREAM, MAGiC, HEIMDAL)
SANS (LoKI, SKADI)
Reflectometers (Estia, FREIA)
Imaging (ODIN)
Engineering Diffraction (BEER)
Macromolecular Crystallography (NMX)
Spectrometers (CSPEC, T-REX, BIFROST, MIRACLES, VESPA)

Novel detector technologies and geometries
Complex pulse-shaping

Shared neutron bunker – common space for components
Common timing system for facility
Single controls infrastructure (EPICS)
Control and data recording running remotely from instrument

Andersen, K. H.; Argyriou, D. N.; Jackson, A. J. et al. The Instrument Suite of the European Spallation Source. 
Nuclear Instruments and Methods in Physics Research Section A: 2020, 957, 163402. 
https://doi.org/10.1016/j.nima.2020.163402.

https://doi.org/10.1016/j.nima.2020.163402


Bert Brockhouse 
Dynamics 

(Neutron Spectroscopy)

Cliff Shull 
Structure 

(Neutron Diffraction)

A unique probe of ‘where atoms are and what atoms do’ - 

to paraphrase the citation for the Nobel Prize in Physics 

awarded to Brockhouse and Shull in 1994

Nobel Prize in Physics, 1994 

12 Oct 1994
Press Release
(…) Both methods are based on the use of 
neutrons flowing out from a nuclear reactor. 
When the neutrons bounce against (are 
scattered by) atoms in the sample being 
investigated, their directions change, 
depending on the atoms’ relative positions. 
This shows how the atoms are arranged in 
relation to each other, that is, the structure 
of the sample. Changes in the neutrons’ 
velocity, however, give information on the 
atoms’ movements, e.g. their individual and 
collective oscillations, that is their dynamics. 
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Science with neutrons
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SOFT MATTER
“Molecular systems giving a 

strong response to very weak 
command signal” 

Condensed matter: states are easily deformed by small external 
fields, including thermal stresses and thermal fluctuations.

Relevant energy scale comparable with room temperature 
thermal energy (E~kT).

Structures in the size range of nanometres to a few micrometres.

“founding father of soft matter”



Complex fluids : including colloids, polymers, 
surfactants, foams, gels, liquid crystals, granular and 

biological materials. 

www.eu-softcomp.net

“Anything you can’t take in an airplane” - Daan Frankel



Soft matter plays an important role in nearly every 
aspect of our daily life and soft matter research is a 
driving force in a broad range of innovation fields.



Soap bubbles and cell membranes are formed by 
amphiphilic molecules able to self-assemble, a few 
nanometer thick and which structure and dynamics 

can be determined by scattering techniques

Soft and biological materials have very different 
functions but share common structural features



Why Neutron Scattering?

Soft/bio matter



Fragneto G., Etudier la structure des membranes biologiques: l’intérêt des systèmes modèles et des neutrons, Reflets de la Physique, 41, oct 2014

Scattering vector

Length-scale          

Energy Transfer    

Time-scale        

Molecule       Bilayer    

Probe lengths (Å to μm) and time-scales (ps to hr)

Why use neutrons to study soft and biological material?

Access structure and composition
Like X-rays thermal neutrons possess the right wavelengths.

In addition neutrons possess the ideal energies for spectroscopy of thermal fluctuations.



Neutrons interact with nuclei

•  are sensitive to light atoms, particularly hydrogen
•  can exploit isotopic substitution, especially H/D
•  ‘see‘ materials differently to X-rays, complementary

Why use neutrons to study soft an biological material?

Josts et al. Structure 2018 Gerelli Y., et al., Langmuir 2012

D

000

H

X-rays

neutrons

CsZrMnSOCLi CsZrMnSOLi

X-rays

neutrons

Polyelectrolyte + surfactant complex

I. Hoffmann et al. J. Chem. Phys. 2015.



Neutrons are a neutral particle

Bone Structures 
+ implants

•  are highly penetrating - imaging of light elements deeply buried in materials
•  can be used as non-destructive probes



SEC-
SANS

Stopped-flow

5-bar pressure cell
Rheometer

Magnetic field

In-situ DLS

Dialysis cells

Neutrons are a neutral particle
• are highly penetrating  à buried interfaces
• can be used to study samples in extreme environments 
and allow use of in-situ complementary techniques
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Why use neutrons to study soft and biological material?

Non destructive
Possibility to work in physiological conditions

Neutrons vs. x-rays



• magnetic systems in soft matter (magnetic nanoparticles)
• magnetic contrast in reflectometry

Neutrons have a magnetic moment and spin
•  study microscopic magnetic structures
•  study magnetic fluctuations , and
•  develop magnetic materials
• formed into polarised beams,
• study nuclear (atomic) orientation, and
• separate coherent from incoherent scattering 



PRINCIPLE OF A SCATTERING EXPERIMENT



reflectometry

STRUCTURE



Inelastic, Backscattering, Spin-Echo

time scales from about 0.1 ps 
to almost 1 μs

http://www.rheinstaedter.de/maikel/DYNAMICS



• High resolution structure of proteins (position of hydrogens, enzymatic 
mechanisms incolving protons, hydrogen bonds of drugs in proteins)

• Low resolution structure of proteins and complexes (protein-protein, protein-
DNA, nanodiscs,…)

• Model biological membranes and interaction with peptides, proteins, drugs, …)
• Hydration water
• Movement of atoms inside proteins related to function
• ….

• Wide complementarity with x-rays but not only
• Need for information from other techniques often essential
• Deuteration is a fantastic tool to help research with neutrons in soft-bio related 

areas

In the next days you will have a detailed overview of
the use of scattering techniques for the study of 
biological systems including: 



Neutron soft 
and 

biological 
science

Inorganic 
templating

Drug 
delivery

Surfactants 
& Polymers

Lubrication 
Tribology

Cell 
membranes

Organic 
Photovoltaics

Sustainable
Biomaterials Biosensors

Ionic 
liquids

Batteries and 
hydrogen 
storage

Proteins and 
peptides

Pharmaceuticals 
& drug 

development

Huge Range of Science for deutera1on

surface(

Hard(tribofilm(

Lubricant(liquid(

surface(

Lubricant(liquid(
(

so5(tribofilm(
(

Deuteration/contrast variation/isotopic labelling are powerful 
methods to study structure and interactions: it is essential to foster 

development at neutron facilities in collaboration with the user base



Current headlines in Life Science Research
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What the field is doing

2024-03-10



Challenges for neutron science

432024-03-10

Areas that neutrons already contribute to:



Challenges for neutron science
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E.g. what ESS could advance (with smaller samples/higher throughput/deuteration):

2024-03-10



✤Neutron scattering is an essential tool for the study of structure at the 
nanometer level of  soft self-assembled systems. 

✤Complementary to x-ray and synchrotron radiation, advantages include 
high penetration, sensitivity to light elements (H, C, O, N, …) and isotopic 
labelling/contrast variation –disadvantages relate to the lower fluxes leading 
to lower resolution, slowest kinetics and bigger samples

✤Possibility to work in real (physiological) conditions

✤Possibility for in-situ studies of systems under deformation.

✤Need optimised sample preparation

✤Perspectives in biology are very numerous.

Conclusions



Additional slides
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ESS instruments for soft-bio science
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Microfluidic SANS: 
High Throughput Mixing & 
Tailored Flow Geometry 

Lab Chip, 2017, 17, 1559

Non-Equilibrium Studies:
Self-Assembly & Kinetics 

Colloid Polym Sci, 2010, 288, 827

Biological Samples:
Weak Scatterers & 

Dilute Solutions  

PLoS Bio, 2017, 15, e2002214 
Rheo-SANS:

Soft Matter, 2011, 7, 9992

Structures 
Under Shear   

ABILITIES:
• Investigate multiple length scale systems 

(simultaneously 0.5-300 nm)
• Perform “single-shot” kinetic measurements on 

sub-second timescales. 
• Perform experiments that use flow e.g. rheology 

& microfluidics with small beam sizes
• High throughput of regular SANS measurements

à high flux, wide simultaneous size 
range, and a flexible sample area.

LoKI : Broad Band SANS 
Science Case

Courtesy J. Houston



Estia
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Focussing Polarised Reflectometer for Tiny Samples

Angle-Dispersive

Time
of

Flight

Estia

• Selene neutron guide projects tiny
beam from Virtual Source

• Small samples:
• Large divergence (1.5°x1.5°) 
• Samples down to 1x1 mm²

For the study of surfaces 
and interfaces including 

magnetic layers

Simulation of Ni thin film on 
10x10 mm² Si-substrate in  less 

than 15 seconds



FREIA Horizontal Reflectometer
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FREIA is a flexible instrument optimised for time-
resolved and high throughput studies:

• Wide vertical divergence; extended 
simultaneous Q range & avoids slow sample 
movements

• Downward orientation for liquid interfaces
• Flexible Collimation options 
• High flux (dλ/λ = 3-20 %) or high resolution 

(dλ/λ < 3%) modes

Wide ranging science case in soft-matter and 
biosciences

3-aperture slitSample Partitioned guide Fast shutters3-aperture slit
Fast Shutter development
Rapidly change angles 
without moving sample… 
allows full Q-range 
measurement with 
collimated beam with sub-
second time resolution



FREIA
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Science Case

2024-03-10

In-situ time-resolved reflectometry for soft condensed matter, life science and functional materials 

Func%on

Dynamics

Design

Soft Matter
www.softmatter.org

ISSN 1744-683X

PAPER
Jianjun Pan, John Katsaras et al.
The molecular structure of a phosphatidylserine bilayer determined by 
scattering and molecular dynamics simulations

Volume 10 Number 21 7 June 2014 Pages 3687–3858

Applications

- response to external s<muli
- in situ and in operando
- complex sample environments

- deposition, structure and 
phase behavior

- adsorption, self-assembly and 
reactions 

- gas/liquid/solid interfaces

Instrument characteristics to allow very fast measurements:
- Very high flux
- Horizontal sample geometry
- Flexible collimation

- Variable resolution
- Broad simultaneous Q
- No sample movement



Cold, TOF-Laue, Δλ<1.75 Å
158 m length
λ-range 1.8-10 Å
Robotic detector positioning
Gd-GEM detector

Enzyme mechanisms
Protein-ligand interactions
Proton transport across membranes

Where are hydrogens important?

Hydrogens are visible
No radiation damage

Neutron 
macromolecular 
crystallography

NMX Macromolecular Diffractometer



Study of low lying excitations of materials with a focus on small samples, in-operando/kinetic behaviour
Need 10-50 x current day signal/noise to perform adequately

CSPEC: The cold chopper spectrometer of the ESS 



T-REX
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Time-of-Flight Recoprocal Space Explorer
A neutron spectrometer for magnetism material science and soft matter

2024-03-10


