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Neutrons as a probe 
for condensed matter

•They have wavelengths similar to atomic distances

•They have a magnetic moment

•They are non-destructive

•They see a completely different contrast to x-rays → 
isotope contrast & labelling



Neutron sources

vs

X-rays Neutrons

are weak!
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Neutron production by fission
 Bullet:

 slow neutron

 Target:

 235U

 Nuclear reaction 
product

 236U (unstable)

Fission products:

• 2 light nuclei

• 2-3 fast neutrons

Fission: One neutron in, 
three neutrons out; 
Use a nuclear reactor
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ILL - France

ESS-Sweden

Spallation:Up to 30 neutrons 
per proton;  
Accelerator to propel 

proton onto target

How to produce neutron beams

Lund% MAX%IV%

ESS#
Typically pulsed

Typically continuous



Neutron scattering simplified



• We can see light atoms → hydrogen 
positions


• We can use isotope labelling to 
create contrast → protein-protein 
complexes, membranes


• We can observe dynamics with 
neutron energy changes → relating 
dynamics to function


• We can see through large objects → 
water transport

Why neutrons for biological 
structures?

Crystallography

Small angle scattering

Inelastic scattering

Neutron Imaging 

Cervical vertebra of a grown-up Diplodocus. 
Computer- (CT) and neutron radiography (NT) 
complement one another in studying the internal bone 
structure. Researchers from the Museum of Natural 
History Basel have reconstructed the soft parts of the 
neck. The scientists could find out about the 
distrubution of hollows and thus the pneumatic 
structure. (CT-sctions: Kantonsspital Basel, NT-
sections: PSI)

Tomato&seedling:&&watching&water&uptake

U. Matsushima et al. NIMA 2009

Imaging

Reflectometry



☺Hydrogens are 
visible

☺No radiation 
damage

☹Large crystals 
needed

☹Data collection 
takes weeks

☹Few instruments 
available

Oksanen, E et al. J. R. Soc. Interface 
2009, 6 Suppl 5, S599-610.

Enzyme mechanisms

Protein-ligand interactions

Proton transport across 
membranes

Where are hydrogens 
important?

Neutron Macromolecular 
Crystallography

Gerlits et al., (2017) J. Med. Chem. 60, p.2018



H7?

H9?

Mono- or dianion?

Enzyme mechanism

Urate oxidase

N7

O8

Oksanen, E.; Blakeley, M. P.; El-Hajji, M.; Ryde, U.; 
Budayova-Spano, M. PLoS ONE (2014), 9, e86651

Unexpected enol form 
(8-hydroxyxanthine)

Why is hydrogen interesting?



Small Angle Neutron 
Scattering

Jacques, D.A., Trewhella, J. (2010) Protein Science 19 642-657 

☺Solution structure
☺Complexes resolved by 
contrast variation
☺Membrane proteins 
can be studied with 
“invisible” micelles
☹Requires D-labelling



Small Angle Neutron 
Scattering

Jacques, D.A., Trewhella, J. (2010) Protein Science 19 642-657 

Lapinaite et al. (2013) Nature, 502 519-523

☺Solution structure
☺Complexes resolved by 
contrast variation
☺Membrane proteins 
can be studied with 
“invisible” micelles
☹Requires D-labelling Lycksell et al. (2021) PNAS, 118 e2108006118 



Neutron Reflectometry

☺Membrane 
composition at atomic 
resolution
☺Can study surfaces in 
solution
☹Deuterated 
compounds essential
☹Information only along 
membrane normal

h-lipid

d-lipid

z
⇒thickness

Lo
g 

R

SiO2

D2O



• •α1 and α2-purothionins (Pth) are 
produced by wheat in response to 
bacterial and fungal infections


• •Both disrupted in-plane structure 
of phospholipid monolayers: by 
adsorbing as a single protein layer, 
penetrating the lipid, and actually 
removing lipid. 


• •α2 showed faster disruption and 
removed ~12% of the lipids – the 
hydrophobicity of the peptide made 
a huge difference in efficacy. 

Neutrons as a tool to ”see” 
details of AMP penetration 

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

α1-Pth α2-Pth



Inelastic neutron 
scattering
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ABSTRACT

Knowledge about the dynamical properties of a protein is of
essential importance for understanding the structure–dynamics–
function relationship at the atomic level. So far, however, the
correlation between internal protein dynamics and functionality
has only been studied indirectly in steady-state experiments by
variation of external parameters like temperature and hydration.
In the present study we describe a novel type of (laser-neutron)
pump-probe experiment, which combines in situ optical activa-
tion of the biological function of a membrane protein with a time-
dependent monitoring of the protein dynamics using quasielastic
neutron scattering. As a first successful application we present
data obtained selectively in the ground state and in the
M-intermediate of bacteriorhodopsin (BR). Temporary altera-
tions in both localized reorientational protein motions and
harmonic vibrational dynamics have been observed during the
photocycle of BR. This observation is a direct proof for the
functional significance of protein structural flexibility, which is
correlated with the large-scale structural changes in the protein
structure occurring during the M-intermediate. We anticipate
that functionally important modulations of protein dynamics as
observed here are of relevance for most other proteins exhibiting
conformational transitions in the time course of functional
operation.

INTRODUCTION

Protein functionality is often correlated with the internal
flexibility of the macromolecule provided by stochastic
structural fluctuations of small protein subgroups on the
picosecond time scale. As a consequence, knowledge about
the three-dimensional structure of a protein has to be
complemented by information about its dynamical properties
to achieve a detailed understanding of the structure–dynam-
ics–function relationship at the atomic level. A prototypical
model system for such studies is the light-driven proton
pump bacteriorhodopsin (BR) embedded in the purple

membrane (PM) of Halobacterium salinarum. Absorption
of a light quantum initiates the BR photocycle, which is a
well-defined sequence of protein-chromophore conformations
referred to as intermediates (for a review, see e.g. Lanyi [1]).
The photocycle intermediates are characterized by specific
absorption maxima and decay times ranging from 500 fs to
about 15 ms in aqueous solution (see Fig. 1). The structural
alterations of the protein occurring during the photocycle
are most pronounced in the M-intermediate (M412) of BR
(2–4). It is widely accepted that the latter large-scale
structural changes in the M-intermediate (see inset of
Fig. 1) are a prerequisite for the vectorial character of the
proton transport. Indications for a strong dynamics–function
correlation of the proton pumping process in BR are
gathered from characteristic temperature and hydration
dependences of the decay time of the M-intermediate and

†This paper is part of the Proceedings of the 13th International Conference on
Retinal Proteins, Barcelona, Spain, 15–19 June 2008.

‡The Helmholtz Center Berlin has recently been renamed from Hahn-Meitner-
Institut Berlin.

*Corresponding author email: joerg.pieper@tu-berlin.de (Jörg Pieper)
! 2009TheAuthors. JournalCompilation.TheAmericanSociety ofPhotobiology 0031-8655/09

Figure 1. Photocycle of BR at room temperature. The ground state
and the intermediates (J, K, L, M, N, O) are characterized by their
absorption maxima (subscripts indicate the corresponding wavelengths
in [nm]) and decay times. The inset shows the structures of a BR
monomer in the ground state BR568 (purple) and in the
M412-intermediate (yellow), respectively, according to Sass et al. (4).
Deprotonation and reprotonation of the Schiff’s base are indicated by
arrows.

Photochemistry and Photobiology, 2009, 85: 590–597

590

Pieper et al. Photochem. Photobiol. 2009;85:590-597

•Dynamics information 
in time and length 
scales unaccessible by 
other techniques


•Directly comparable 
with MD simulations




Neutron imaging
Time after 6 ml of  D2O injection 7 cm below deepest roots 
 
100 min    200 min          460 min       850 min    

X 

approximate

injection site

Neutron Imaging 

Cervical vertebra of a grown-up Diplodocus. 
Computer- (CT) and neutron radiography (NT) 
complement one another in studying the internal bone 
structure. Researchers from the Museum of Natural 
History Basel have reconstructed the soft parts of the 
neck. The scientists could find out about the 
distrubution of hollows and thus the pneumatic 
structure. (CT-sctions: Kantonsspital Basel, NT-
sections: PSI)

Tomato&seedling:&&watching&water&uptake

U. Matsushima et al. NIMA 2009

Switchgrass & maize seedlings 
 
15 x 15 cm 
1 cm depth 

Tape covered water injection port 

• We can see light 
elements → Water!


• We can create 
contrast with D2O→ 
Water uptake

J.M. Warren, ORNL



A European Project



ESS Timeline

2025

2026



ESS High Level Design

High	Power	
Accelerator	means	
more	neutrons	

An	Innova6ve	Target	Sta6on	that	
can	host	>30	instruments	

Flat	moderator	delivering	smaller	and	
brighter	neutron	beams	

High	brightness	and	tuneable	resolu6on	
makes	new	measurements	possible	

5	



Accelerator tunnel

Exp. Hall 1 

Target building 

Exp. 
Hall 2 

Neutron guide hall

Exp. Hall 3 
5 MW Linear proton 
accelerator (~600 m)


-2.86 ms pulses

-2 GeV

-62.5 mA

-14 Hz

-Flexible design for future 
upgrades

Long pulse

Target station

-Rotating tungsten 
wheel 2.5 m diameter

-He cooled

-Water (293 K) and 
liquid hydrogen (20 K) 
moderators

High brilliance

moderators

The world’s brightest 
neutron source



Esko Oksanen, European Spallation Source
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ESS Instrument suite

Crystallography

Small angle scattering

Reflectometry

Inelastic 
scattering

Imaging



Key advantages of ESS 
Macromolecular Diffractometer

NMX – Macromolecular diffractometer at 
ESS

Smaller crystals needed (200 µm vs. 1 mm)


Data collection faster (days vs. weeks)


Larger unit cells possible (300 Å vs. 150 Å)

Partners

Enzyme mechanisms

Protein-ligand interactions

Proton transport across 
membranes

Where are hydrogens 
important?



NMX – Macromolecular 
diffractometer at ESS



LoKI Broad Band SANS

• LoKI will have high flux, wide 
simultaneous size range, and a large 
sample area.


• LoKI will enable the use of small beams, 
making scanning experiments & 
microfluidics routine.

• LoKI aims to provide the ability 
to perform “single-shot” kinetic 
measurements on sub-LoKI will 
have high flux, wide 
simultaneous size range, and a 
large sample area.



LoKI Broad Band SANS



Supporting facilities
Scientific idea

Prepare the 
sample material

Process the data

Does the sample need 
additional preparation 
(crystallisation, alignment)?

Yes

No

Prepare the 
sample

Ship or bring the 
sample to the ESS

Does the sample need to be 
conditioned or characterised 
by non-neutron methods 
within the controlled zone?

Yes

No

Condition and/or 
characterise the sample 
at the ESS

Perform neutron 
experiment

Dispose or store 
the sample

Analyze and interpret 
the data

Publication

Deuteration facility

Bio-crystallisation facility

DMSC simulation group

DMSC software suite

Instruments

Support laboratories for:

Biology & soft matter

Chemistry

Physics

Engineering

Mid-
term 
visitors

Mid-
term 
visitors

Short-
term 
visitors

Sample handling facilities

Sample handling facilities

DEMAX platform 
together with Lund 
University



Questions?

esko.oksanen@ess.eu

mailto:esko.oksanen@esss.se?subject=

