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Neutrons: An ideal probe at the atomic scale
• Like X-rays thermal neutrons possess the right wavelengths.
• In addition neutrons possess the ideal energies for spectroscopy of thermal fluctuations.

From 1000 nm Up to 0.001 nm

Hot Neutrons

Cold Neutrons

Uncharged, subatomic particles found in atomic nuclei
Approx. mass of neutron 1.67×10−27 kg, v = 2.2 km/s at RT

energy ~ 0.025 eV, wave-particle duality, λ = 0.18 nm at RT

The information is encoded in the 
change of direction and speed of the 
neutrons as they path through the 

material.



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

Polyelectrolyte + surfactant complex

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

Why use neutrons to study soft an biological material?

Josts et al. Structure 2018 Gerelli Y., et al., Langmuir 2012
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Neutrons are a neutral particle
•  are highly penetrating à buried interfaces
•  can be used as non-destructive probes
•  can be used to study samples in extreme environments







Specular Reflectivity

Momentum transfer parallel surface normal

•Thickness of layers at interfaces

•Roughness/interdiffusion

•Composition in the direction                 

normal to the interface

Scattering Length Density ProfileModel structure of lipid membrane
 = layered model of structure & composition

qi=qf



In-plane features (height fluctuations, 
domains, holes ...) can be probed by 
off-specular measurements: for thin 
films synchrotron radiation is more 
suitable

Momentum transfer parallel surface normalMomentum transfer in xz planeMomentum transfer in xz plane

Off-specular Reflectivity
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• Analysis done by model fitting

• Isotopic substitution and multiple contrast 
measurements used to improve resolution

𝑞 =
4𝜋
𝜆
𝑠𝑖𝑛𝜃

𝑅 =
𝐼!
𝐼"

Specular reflectivity measurements



• Isotopic substitution and multiple contrast 
measurements used to improve resolution

𝑞 =
4𝜋
𝜆
𝑠𝑖𝑛𝜃

Specular reflectivity measurements



Mechanisms at cell membranes

Lipid scaffold composed by a large variety of lipid species and levels of chain unsaturation, 
often difficult to synthesise chemically. Because of the complexity model membrane systems 
are used for fundamental studies.



Function of membrane proteins : dependent on membrane composition, lipid-protein interaction, 
lipid mediated protein-protein interaction

Pharmacological interest : Drug transport through membranes (dependent on physico-chemical 
membrane properties), anti-microbial peptides

Membranes may play a direct role in signal transduction

Diseases associated with changes in lipid composition (diabetes, schizophrenia, Tay-Sachs syndrome, 
Alzheimer, Parkinson)

Cell adhesion

Nano-biotechnology applications (biosensors, bio-coatings)

and …. fascinating chemistry and physics!

developing model membrane systems since 1997…

Total surface of membranes covers 
an area of 30,000 m2 in our body

JCIS 2017



Model membranes
and scattering techniques
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Floating bilayers prepared by 
Langmuir-Blodgett Langmuir-Schaefer 

techniques

EPJB 1999



Mukhina et al., J. Chem. Phys. Lett. 2019
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EPL 2001

Langmuir 2001
Langmuir 2003
Langmuir 2005
Langmuir 2005

PNAS 2005
EPJE 2006

Soft Matter 2007
Langmuir 2009

BBA 2012
PNAS 2012

Langmuir 2012
EPJE 2013

Soft Matter 2015
PRL 2016
BBA 2018
Small 2019

J Chem Phys Lett 2019
J. Coll. Int. Sci. 2021

Rondelli et al. BBA 2018

Small 2019

• Effect of temperature (giant swelling)

• Effect of charges

• Effect of AC current

• Interaction with gene delivery complexes

• Effect of domain forming molecules/asymmetry

• Lipid flip-flop

• Interaction with nano particles

• Transmembrane insertion

25 years of neutron and synchrotron radiation studies of 
structure and fluctuations of floating bilayers
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• Effect of temperature (giant swelling)

• Effect of charges

• Effect of AC current

• Interaction with gene delivery complexes

• Effect of domain forming molecules/asymmetry

• Lipid flip-flop

• Interaction with nano particles

• Transmembrane insertion and induced fluctuations

25 years of neutron and synchrotron radiation studies of 
structure and fluctuations of floating bilayers
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Bacteriorhodopsin (BR)

Pebay-Peyroula, E., et al., Biochim Biophys Acta. 
2000, 1460:119–132. 

Unwin P. N. T. and  R. Henderson J. Mol. Biol., 
1976, 94:425 - 440

Andersson, M., et al., Structure. 2009, 
17:1265–1275.

p+

p+

High-resolution structure of BR Electron density profile of the 2D 
crystalline purple membrane

Conformational changes of BR 
during the photocycle

26~kDa transmembrane protein that acts as a light-driven proton pump in Halobacterium 
salinarum, converting light energy into a proton gradient.
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Manneville J.-B. , Ramaswamy S., Bassereau P., Prost J. . PRL E 64 021908

Micropipette experiments
Videomicroscopy experiments

Turlier H. Annu. Rev. Condens. Matter Phys. 2019. 10:213–32

• Thermal fluctuations

• Active fluctuations -  out of equilibrium  
              system

Membrane Fluctuations

∆𝛼 = 𝛼! − 𝛼 =
"!#"##
$%&

ln( '
'$
) 

1.7	 ≤
𝑇!""
𝑇

≤ 2.7

A larger excess area could be pulled out by micropipette aspiration when BR was active, 
indicating that its proton pumping activity induces an amplification of the 
membrane shape fluctuations and a strong decrease in the effective bending 
modulus of the membrane. Information only at the micrometer scale.



Atomic Force Microscopy AFM

Neutron reflectometry

Fluorescence microscopy

• Lateral features of the system with µm 

resolution

• Sample fluorescence/bleaching 

• Lateral and transversal features of the system 

with nm resolution

• Mechanical properties of the sample

• Force measurements

X-ray and synchrotron radiation
Specular and Off- Specular

• Structure with Å resolution

• Fluctuation spectrum 

• Lateral inhomogeneities and defects

• Physical properties of the system

• Structure with Å resolution

• Atomic composition 

• Interface roughness

• Solvent content

Out-of-equilibrium fluctuations of phospholipid membranes induced 
by active transmembrane proteins



AFM imaging of LH2 protein 
incorporated into SLB.

Milhiet et al., Biophys. J. , 2016, 91(9) 3268–3275 Dezi et al. PNAS , 2013, 110 (18) 7276-
7281

Berquand A. et al. Ultramicroscopy, 2007, 107(10-
11), 928–933

GUV with incorporated BR.

Detergent-mediated protein incorporation



___________________Atomic force microscopy_____________________

Phase separated gel-fluid
 single bilayer + BR, 

IBS, Grenoble

____________________Fluorescence microscopy___________________

Gel double bilayer + BR,
 Institut Charles Sadron, Strasbourg

Gel single bilayer + BR 

BR visualized

BR visualized

Lipid bilayer visualized

Lipid bilayer visualized



T H E  E U R O P E A N  N E U T R O N  
S O U R C E

D17 reflectometer ( ILL, Grenoble, France).

Time-of-flight mode

quartz       



T H E  E U R O P E A N  N E U T R O N  
S O U R C E

24

Neutron Reflectometry

Fluid floating bilayer + BR
D17 reflectometer

Fluid single bilayer + BR  
MARIA reflectometer 

JCNS, Germany

18 % by volume of BR 

BR insertion into the floating bilayer
+ BR layer on top 

PO
PC

D
S
PC

D
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T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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Sample environment for X-ray reflectivity experiment

SixS beamline 
SOLEIL synchrotron, France



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPCSpecular SR Reflectometry

DSPC double bilayer at 25°C before and after protein 
BR incorporation.

SixS beamline ( SOLEIL synchrotron, France).

SLD profiles corresponding to the fits. 



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPC

Specular SR Reflectometry

DSPC double bilayer at 25°C  after protein BR 
incorporation, with and without illumination.

SixS beamline ( SOLEIL synchrotron, France).

SLD profiles corresponding to the fits. 



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPC

Specular SR Reflectometry

DSPC double bilayer at 25°C after protein BR 
incorporation, with and without illumination.

SixS beamline ( SOLEIL synchrotron, France).

SLD profiles corresponding to the fits. 

The reversible effect of light illumination is shown.



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPC

Specular SR Reflectometry

DSPC double bilayer at 25°C after protein BR 
incorporation, with and without illumination.

SixS beamline ( SOLEIL synchrotron, France).

SLD profiles corresponding to the fits. 

The reversible effect of light illumination is shown.



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPC

Specular SR Reflectometry

DSPC double bilayer at 25°C  with and without BR, 
with and without illumination.  Inset: SLD profiles.
  
SixS beamline (SOLEIL synchrotron, France).

BR incorporation:

Light OFF ↔ Light ON:

No BR BR
SLDch21  [10-4 nm2] 8.85 ±  0.05 10.5 ±  0.05 

d [nm] 5.4 ± 0.3 6.1 ± 0.3 

dw,2 [nm] 1.5 ± 0.2 1.3 ± 0.2 

σspec [nm] 0.2 ± 0.1 0.8 ± 0.2

Light OFF Light ON

d [nm] 6.1 ± 0.5 7.2 ± 0.5

dw,2 [nm] 1.3 ± 0.2 1.8 ± 0.2 

σspec [nm] 0.8 ± 0.2 1.5 ± 0.2

d
dw,2



Off-specular reflection with and without illumination

… Analysis in progress



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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DSPC

DSPCOff -specular X-ray Reflectometry

Reversible effect of light illumination.

Off-specular XRR for the same DSPC double bilayer.

Micropipette aspiration experiments 
by J.-B. Manneville et al.:

1.7 ≤
𝑇#$$
𝑇

≤ 2.7

Effective temperature:

(𝐼/𝐼")%&,())*+,-.,	0!→"
(𝐼/𝐼")%22,())*+,-.,	0!→"

	=
𝜎%&,())*+,-.3

𝜎%22,())*+,-.3 = 4.1 ± 0.8

𝑇#$$
𝑇 +,-.

=
𝜎%&,	+,-.3

𝜎%22,+,-.3 = 3.5 ± 2.5

𝑇#$$
𝑇 ())*+,-.

=
𝜎%&,())*+,-.3

𝜎%22,())*+,-.
3 = 4.1 ± 0.8



T H E  E U R O P E A N  N E U T R O N  
S O U R C E
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• Successful BR incorporation into membrane-mimic systems

• Reversible effect of light-induced protein activity on 

membrane structure and fluctuations 

•  Magnification of membrane fluctuations

No activity

BR is active
p+

SUMMARY





Moving towards complexity:
deuterated (and non) lipid extraction and 

purification

www.ill.eu/L-Lab



Yeast lipid 
production at 
DEMAX

https://europeanspallationsource.se/science-support-systems/demax

The Deuteration and 
Macromolecular Crystallisation 
(DEMAX) platform supports life 
science and soft matter research 

users of neutron instruments.



Workflow for purification

37

From cell culture to phospholipid extracts ~ 4 PW

Freeze-dry

Adaptation to D2O
Solvent

Extraction (25g, 2L)

total lipid 
extract

600-800mg

preparative HPLC or LC

phospholipid classes (10-100mg each) 
PC, PE, PS, PI, CL, PG

Shaker flasks (4-6L)
~15-25g dry cell paste

phospholipid
extract
~250mg

Flash chromatography

2 weeks (LP3)

De Ghellinck et al. PlosONE 2014



Workflow for lipid analysis

analysis in triplicate for errors in composition

Lipid composition ~1 PW per TLC plate/ batch

reusability good after neutrons:

Automated GC sample preparation

H.WACKLIN-KNECHT,  ESS2023-09-25

Preparative TLC GC-FID

• total PL extract
• each PL class

Lipid chain composition in each PL classPhospholipid composition

% deuteration:
FTIR check internal (1 day) 
GC/LC-MS external (availability)



Successful separation of phospholipids 
classes from P.pastoris and E.coli total 
lipid extracts.

Pichia pastoris lipids chromatogram 

PE = ~54 mg
PG = ~23 mg
CL = ~13 mg

PL RT

CL 30 m

PG 35 m
PE 40 m

PL RT
CL 30 m
PG 35 m
PE 43 m
PC 59 m
PI 72 m
PS 83 m

E.Coli lipids chromatogram

PE
CL

PG TO
TA

L 
YI

EL
D

CL       PG     PE

Separation of the phospholipid classes by Normal phase-HPLC 

A total of ~106 mg 
GPL mixture from 5 
g/yeast biomass

A total of ~89 mg 
GPL mixture from 5 
g/E.coli biomass

The implementation of an additional purification step by High Performance Liquid Chromatography-Evaporative Light Scattering 
Detector (HPLC-ELSD) enabled a better separation of the GPL mixtures from the neutral lipid fraction that includes sterols, and also 

allowed for the GPLs to be purified according to their different polar headgroups.

PC = ~51 mg
PE = ~24 mg
PI = ~13 mg
PS = ~18 mg



FAMEs analyses revealed that deuteration 
triggered a significant increase in the oleic 
acid content = reflected across classes

Decrease in the polyunsaturated FA 
content.
Decreased palmitic acid levels across the 
classes while an increase in the stearic acid 
is noticed in the acidic phospholipids

Gas chromatograph trace

40

Fatty acyl chain composition – Pichia pastoris

Corucci et al. JCIS 2023



https://www.ill.eu/L-Lab
Corucci, Porcar, Martel



https://www.ill.eu/L-Lab



https://www.ill.eu/L-Lab

Santamaria, JCIS 2023



Corucci et al. JCIS 2023
All bilayers from natural extracts show the same structure at the interface (within errors)

PC/PS PC/PG





✤Antibiotic resistance

✤Amyloid interactions with membranes

✤Viral entry

✤Protein/peptide/drug/… membrane interactions

✤Matched nano discs: low resolution protein structures

✤Transmembrane protein reconstitution

✤Effects of deuteration on membrane composition

✤Enzyme mechanisms at membrane surface

Perspectives:

ACS Nano 2021
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The ILL Reactor

A neutron source generating 

5 x 1018 fast neutrons/sec 

at a max power of 58 MW



Neutron Source Brightness

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



2014
Construction starts 
on green field site

2009
Decision to site 
ESS in Lund

2028
User program up 
and running

2003
European design 
of ESS completed

2012
ESS design update 
phase complete

2019
Start of initial 
operations phase

2025
Beam on target

2022-06-15 49

European Research Infrastructure Consortium
13 founding countries
More than 40 partner institutions
More than 130 collaborating institutions
In kind model

European Spallation Source



How it works

50

The technology



Long-pulse Performance and Flexibility
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Possibilities of pulse shaping

ESS-TDR 5MW
updated engineering model
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Neutron Scattering Techniques

522023-09-25



Neutron Instruments

2023-09-25 PRESENTATION TITLE /  FOOTER 53

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


Estia

PRESENTATION TITLE/FOOTER 54

Focussing Polarised Reflectometer for Tiny Samples

2023-09-25

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



ESTIA

PRESENTATION TITLE/FOOTER 55

Science Case

2023-09-25

The investigation of the chemical and magnetic depth-profile near surfaces and of lateral
correlations and structures

• functional devices: spin-valves, spintronics
• diffusion processes: Li batteries, corrosion protection
• multifunctional materials: interface-coupled electric and magnetic properties
• towards real materials: raster-scanning of bent, faceted or multi-domain surfaces

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

• Polarization >99% for curved transmission polarizer and analyser
• Simultaneous measurement of two polarization states

ESTIA is optimised for small samples and polarisation analysis:

Simulation of Ni thin film on 10x10 mm² 
Si-substrate in  less than 15 seconds



FREIA

PRESENTATION TITLE/FOOTER 56

Science Case

2023-09-25

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

Function

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 stimuli
- 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



Expected perfomances of ESS 
reflectometers compared to ILL ones

PRESENTATION TITLE/FOOTER 572023-09-25

FOM = Peak brightness* divergence (vertical & horizontal) * λmax/λmin

2MW 5MW



Challenges for neutron science

582023-09-25

Areas that neutrons already contribute to:

Courtesy H. Wacklin-Knecht



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

2023-09-25
Courtesy H. Wacklin-Knecht
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