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James Chadwick: 
used Polonium as alpha emitter on Beryllium
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Nuclear Fission
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Neutrons are special

• charge neutral: deeply penetrating 
... except for some isotopes

• nuclear interaction: cross  section 
depending on isotope    (not Z), 
sensitive to light elements.

• spin S = 1/2: probing magnetism

• unstable n → p + e + νe with life 
time τ ~ 900s , I = I0 e- t/τ

• mass: n ~p; thermal energies 
result in non-relativistic velocities.  
E = 293 K = 25 meV,                   
v = 2196 m/s , λ = 1.8 Å
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• charge neutral: deeply pene-
trating ... except for some isotopes

• nuclear interaction: cross 
section depending on isotope    
(not Z), sensitive to light elements.

• spin S = 1/2: probing magnetism

• unstable n → p + e + νe  with life 
time τ ~ 900s , I  =  I0  e- t/τ

• mass: n ~p; thermal energies 
result in non-relativistic velocities. 
E = 293 K = 25 meV,                   
v = 2196 m/s , λ = 1.8 Å

!  Catalyzes the reduction of glucose to sorbitol, the first step in the alternative ‘polyol 
pathway’ of glucose metabolism 

!  Highest resolution X-ray structure for a medium-sized protein (36kDa) 
!  Overall more than half (54%) the H-atoms were seen, while in the active-site 77% 

of H-atoms were visible 
!  Some of the key H-atoms were not seen due to their mobility (high B-factors) hence 

the protonation states of key active-site residues were unknown 

Tertiary structure of 
hAR 

Active-site region of hAR 

Plot of %visibility of H-
atoms in hAR vs B-factor of 
bonded atom  

Blakeley et al 

E. Ressouche -  Ecole Neutrons et magnétisme – JDN 20 (18 - 22 mai 2012) 

EXEMPLE : TPV FREE RADICAL 
• TPV : free radical made of C (green), N (blue) and H (yellow). Carries a spin ! 

Where is the spin ? 

MAGNETISM
SCIENTIFIC HIGHLIGHTS

Coexistence of long-ranged magnetic order
and superconductivity in the pnictide
superconductor SmFeAsO1− xFx (x = 0, 0.15)

6000 barns, nearly 2.5 times that of cadmium) yields a 1/e 
thickness for SmFeAsO of about 80 mg/cm2, precluding the use 
of conventional sample holders. 

We used a recently developed large-area single-crystal flat-
plate sample holder [4] to place about 1.6 g of material in the 
neutron beam. The scattering measurements were carried out at a 
wavelength of 2.417 Å on the D20 thermal powder diffractometer 
at the ILL. For each sample, data sets were obtained at 1.6 K and 
10.0 K with counting times of 10 hours (SmFeAsO) and 15 hours 
(SmFeAsO0.85F0.15 ) for each temperature. The purely nuclear 
patterns at 10 K (figure 1a) were fitted to establish scale factors, 
lattice parameters and the instrument profile function. These were 
then fixed while the difference patterns (1.6 K−10 K) were fitted 
to obtain the magnetic structure. All refinements of the neutron 
diffraction patterns employed the FullProf suite [5, 6].

The samarium moments were found to order antiferromagnetically 
along the c−axis in a G-mode which has a + − + − moment sequence. 
This structure corresponds to the Cm'm'a' group. Figure 2a shows 
a representation of the derived magnetic structure of SmFeAsO at 
1.6 K. Fitting the section of the diffraction pattern shown in figure 1b 
yields a samarium moment of 0.60(3) µB for SmFeAsO at 1.6 K. 

A similar analysis of the SmFeAsO0.85 F0.15 data shown in figure 1d 
yields a closely related magnetic structure (Shubnikov magnetic 
space group: P4/n'm'm') and a Sm moment of 0.53(3) µB.

The most significant aspect of the pattern shown in figure 1d 
is not that SmFeAsO and SmFeAsO0.85F0.15 adopt closely related 
magnetic structures, but rather, that the samarium moments are 
magnetically ordered in a superconducting sample (this sample 
exhibits a Tc of 53.5 K) and that the samarium moments are 
essentially the same in both compounds. This provides direct 
confirmation that antiferromagnetic order and superconductivity 
co-exist in the SmFeAsO/F system [7]. 

We will be extending this project to the GdFeAsO system which 
should be easier to work with as while gadolinium has a much 
higher absorption cross-section it also has a larger moment, 
making the magnetic signal much easier to see.

High-intensity two-axis diffractometer D20
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Figure 2: (a) The samarium magnetic structure of SmFeAsO at 1.6 K.
The layered nature of both the chemical and magnetic structures
is emphasised by showing two unit cells in the b direction. 
(b) A projection of the magnetic structure onto the basal plane shows 
the relationship between the magnetic structures of SmFeAsO
and SmFeAsO0.85 F0.15 at 1.6 K. The black discs mark the samarium 
atoms on the z = 0.137 plane that have their moments pointing “up”,
while the green discs denote samarium atoms on the z plane that 
have their moments pointing “down”. Four unit cells of the smaller 
(tetragonal, P4/n'm'm') form of SmFeAsO0.85 F0.15 each containing 
two samarium atoms (one each of black and green) are shown by 
the magenta lines, while the relationship to the larger (orthorhombic, 
Cm'm'a') cell of SmFeAsO that contains four samarium atoms is 
shown by the grey lines.
Note: The orthorhombic basal lattice parameters differ by only
0.7 % and cannot be distinguished here.
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Why neutrons?
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Contrast variation



Contrast variation with stable 
Deuterium isotopes can selectively 
highlight features in organic & biological 
materials 

e.g. proteins in a deuterated lipid matrix:
by changing solvent from H2O to D2O
can mask out lipid contribution.

Contrast variation



Examples for Neutron Diffraction
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Neutron Spectroscopy discovers when 
superconductivity and magnetism 
(maybe) fall in love 

Magnetic and superconducting energy scales are related.
Neutrons see magnetism but no superconductivity (directly).
Though they discover the symmetries and the coupling.

5964 N Bernhoeft et al

0 1 2
E(meV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

0 1 2
E(meV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

0 1 2
E(meV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

0 1 2
E(meV)

0 1 2
E(meV)

0 1 2
E(meV)

0 0.5 1 1.5 2 2.5In
te

ns
ity

 (a
rb

. u
ni

ts
)

E(meV)
0 0.5 1 1.5 2 2.5In

te
ns

ity
 (a

rb
. u

ni
ts

)

E(meV)
0 0.5 1 1.5 2 2.5In

te
ns

ity
 (a

rb
. u

ni
ts

)

E(meV)

T > Tsc
quasiparticle + spinwave 

λλλ

T < Tsc
quasiparticle + spinwave 

T < Tsc
condensate + spinwave 

Figure 1. Left-hand panel: schematic of the response for T > Tsc in the normal antiferromagnetic
phase. The top frame illustrates the characteristic bi-modal scattering of UPd2Al3, which is
shown in the middle two frames as a conceptual fragmentation into a coupled low- and high-
energy response. The bottom frame is a cartoon representation of the response (thin [black]
arrow) of the normal quasiparticle states ([red] hoops) to the neutron probe (thick [green] arrows).
Central panel: the top frame is a schematic of response for T < Tsc in the superconducting
antiferromagnetic phase, shown in the middle frames as a conceptual fragmentation into a coupled
normal quasiparticle low-and high-energy response. The vanishing magnitude of the quasielastic
response occurs on account of both the gapping of the Fermi surface and the phase cancelling role
from the antiferro-periodic nodal symmetry of the condensate on such excitations in the magnetic
susceptibility (see equation (3)). The bottom frame is a schematic of the dynamic equilibrium
between the paired and Fermion states. Normal quasiparticles, above the energy gap, are marked
as red hoops and paired states, below energy gap, are designated as bound, overlapping hoops.
The phase coherent condensate influences the possible excitation processes of the normal-state
quasiparticles and such interference effects must be taken into account below Tsc in analysis of
the quasiparticle spectra (designated by a [yellow] mesh). Right-hand panel: schematic of the
response for T < Tsc in the antiferromagnetic superconducting phase, shown in lower frames as
conceptual fragmentation into a coupled condensate low-energy and normal quasiparticle high-
energy response. The enhanced magnitude of the condensate response occurs on account of
phasing role from the antiferro-periodic nodal gap symmetry on such excitations in the magnetic
susceptibility. The bottom frame is a schematic of the dynamic equilibrium between the paired
and Fermion states as in the central panel. As illustrated, direct excitation out of the condensate
may occur. Again, the superconducting energy gap has a profound influence on the intensity of
scattering at a given momentum and energy transfer, reflecting the symmetry and coherence of the
wavefunction.

(This figure is in colour only in the electronic version)
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shown in the middle two frames as a conceptual fragmentation into a coupled low- and high-
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antiferromagnetic phase, shown in the middle frames as a conceptual fragmentation into a coupled
normal quasiparticle low-and high-energy response. The vanishing magnitude of the quasielastic
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between the paired and Fermion states. Normal quasiparticles, above the energy gap, are marked
as red hoops and paired states, below energy gap, are designated as bound, overlapping hoops.
The phase coherent condensate influences the possible excitation processes of the normal-state
quasiparticles and such interference effects must be taken into account below Tsc in analysis of
the quasiparticle spectra (designated by a [yellow] mesh). Right-hand panel: schematic of the
response for T < Tsc in the antiferromagnetic superconducting phase, shown in lower frames as
conceptual fragmentation into a coupled condensate low-energy and normal quasiparticle high-
energy response. The enhanced magnitude of the condensate response occurs on account of
phasing role from the antiferro-periodic nodal gap symmetry on such excitations in the magnetic
susceptibility. The bottom frame is a schematic of the dynamic equilibrium between the paired
and Fermion states as in the central panel. As illustrated, direct excitation out of the condensate
may occur. Again, the superconducting energy gap has a profound influence on the intensity of
scattering at a given momentum and energy transfer, reflecting the symmetry and coherence of the
wavefunction.
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Journey to deliver the world’s leading facility for 
research using neutrons
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2014
Construction Starts on 
Green Field Site

2009
Decision to Site ESS 
in Lund

2025
ESS Construction 
Phase Complete

2003
European Design of ESS 
Completed

2012
ESS Design Update Phase 
Complete

2019
Start of Initial 
Operations Phase

2023
ESS Starts
User Program

Journey to deliver the world’s leading facility 
for research using neutrons



The ESS Project

2013 TDR

DMSC

Proton Accelerator
Energy: 2 GeV
Current: 62.5 mA
Frequency: 14 Hz
Pulse Length: 2.86 ms

Target Station
Solid Rotating W
Helium Cooled
5 MW Average Power

22 Public Instruments
User Facility: 200 days/year



The ESS Project

DMSC

Proton Accelerator
Energy: 2 GeV
Current: 62.5 mA
Frequency: 14 Hz
Pulse Length: 2.86 ms

Target Station
Solid Rotating W
Helium Cooled
5 MW Average Power

22 Public Instruments
1843 M€ Construction
140 M€/year Operation
User Facility: 200 days/year

Sweden and Denmark: 
47,5% Construction
15-20% Operations
Cash ~100%

Partner Countries:
52,5% Construction
80-85% Operations
IKC/Cash ~ 70% / 30%

1843 M€ construction
140 M€/yr operations



Construction and Operations Budgets
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Organisation and People
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600
Employees

50
Nationalities

100
Collaborating Institutions
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Aarhus University
Atomki - Institute for Nuclear Research
Agder University
Bergen University
CEA Saclay, Paris
Centre for Energy Research, Budapest
Centre for Nuclear Research, Poland, (NCBJ)
CERN, Geneva
CNR, Rome
CNRS Orsay, Paris
Cockcroft Institute, Daresbury
DESY, Hamburg
Delft University of Technology
Edinburgh University
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)
Institut Laue-Langevin (ILL)
Rutherford-Appleton Laboratory, 
Oxford(ISIS)
Copenhagen University
Laboratoire Léon Brilouin (LLB)
Lodz University of Technology
Lund University
Nuclear Physics Institute of the ASCR
Oslo University
Paul Scherrer Institute
Roskilde University
Tallinn Technical Univesrsity
Technical University of Chemnitz
Technical University of Denmark
Technical University Munich
Science and Technology Facilities 
Council 
University of Tartu
Uppsala University
WIGNER Research Centre for Physics
Wroclaw Univesrity of technology
Warsaw University of Technology
Zurich University of Applied Sciences 
(ZHAW)

Partner institutions delivering the design 
& construction of ESS
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https://europeanspallationsource.se/site-weekly-updates



ESS looking towards MAX IV and Lund University
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Long-pulse performance
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ESS Moderator Design: Butterfly
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ESS Moderator Design: Butterfly
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ESS Moderator Design: Butterfly
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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

• Hydrogen for cold spectrum
• Water for thermal spectrum
• All beamports can view both
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ESS Moderator Design: Butterfly
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ESS Moderator Design: Butterfly
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ESS Moderator Design: Butterfly
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Adapting the pulse width
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Upgradeability
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• Primary upgrade path: more instruments
• 42 beamports with ~6° separation
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Upgradeability
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upgrade

upgrade

HR-NSE

T-REX

ANNI
SKADI

ESTIA

HEIMDAL
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Mono-farm 1
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• Primary upgrade path: more instruments
• 42 beamports with ~6° separation
• Upgrade areas 
• Lower moderator not yet defined
• All beamports allow cold and/or thermal 

spectrum
• Freely tuneable resolution

– adapt resolution to experimental needs



Length and Energy Scales

Partner(Day(Belgium

February(2014

Length(and(Energy(Scales

5

4

Figure 2.1: Using neutrons and complementary techniques to explore di↵erent length and time scales. The
horizontal axes indicate real and reciprocal length scales, while the vertical axes refer to time and energy
scales. Scientific areas falling within di↵erent length and time scales are indicated along the edges.The
experimentally accessible areas of the various neutron-based techniques available at ESS are shown as
polygons in strong colours. Those techniques that are sensitive to both time and length scales are rep-
resented above the main horizontal axis; those that measure only length-scales below. In addition to the
neutron-based techniques covered by ESS, the analogous areas for a selection of complementary experi-
mental techniques are shown in grey. Areas labelled “Hot Neutrons” refer to neutron-based techniques
which will not be available at ESS.

dynamics in parallel, and in the purely structural methods found below the horizontal axis.

Techniques are often complementary rather than competitive when their temporal and spatial scales
overlap, because spatial and temporal needs are not the sole determinants of usefulness. Di↵erent probes
access di↵erent kinds of information, so the methods of Figure 2.1 are often used in combination, unleashing
powerful synergies. The particular strengths of neutrons include sensitivity to light elements such as
hydrogen, the ability to distinguish between di↵erent elements, the non-destructiveness of the beam in
terms of sample integrity, the power to probe magnetic structure, and the capability to penetrate many
materials, making possible the investigation of samples in a wide range of relevant sample environment
set-ups that would stop other forms of radiation. These strengths are discussed further in Section 2.2.
A combination of di↵erent approaches and techniques is necessary to answer many scientific questions.
Moreover, the continuously evolving landscape of available tools drives the continuing need to try and
test new combinations of experimental techniques. Multi-probe experiments that combine di↵erent probe
techniques on the same site are becoming increasingly possible – for example, using both Raman and
neutron scattering. There are many examples of combined studies.

Studies of polymer relaxation processes that exploit neutron spin-echo methods, light scattering,

Saturday, April 26, 14



15 Instruments selected so far 
8 to be in user operation by 2024
ODIN Imaging Instrument

SKADI General Purpose SANS

LOKI Broadband SANS

Surface Scattering

FREIA Horizontal Reflectom.

ESTIA Vertical Reflectom.

HEIMDAL Powder Diffract.

DREAM Powder Diffract.

Monochromatic Powder Diffract.

BEER Engineering Diffract.

Extreme Conditions Diffract.

MAGIC Magnetism Diffract.

NMX Macromolecular Diffract.

CSPEC Cold Chopper Spec.

Broadband Spectrometer

T-REX Thermal Chopper Spec.

BIFROST Xtal Analyser Spec.

VESPA Vibrational Spec.

MIRACLES Backscatt. Spec.

High-Resolution Spin-Echo

Wide-Angle Spin-Echo

Particle Physics Beamline
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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, VESPANMX

BEER
CSPEC
BIFROST

MIRACLES

HEIMDALT-REX
MAGIC

ESS Instrument Layout (August 2018)

LoKI
FREIA

ESTIA

SKADI
VESPADREAM

ODIN

Instrument Suite



Summary

• ESS will provide break-through performance in a wide variety of 
scientific fields
– Superior source brightness
– Superior flexibility
– World-leading instrument designs

• Addresses a large and vibrant European user community
– Discussions on-going with prospective partner countries: Canada, South 

Africa, Israel, …
• Built by the European neutron labs in collaboration
• All of the 22 instruments will be available by peer-reviewed access

– Ample scope for increasing that number
• First science expected in 2023

– Followed by gradual ramp-up to full science capability
– Supported by world-leading software, sample environment, …
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Thank you!

465th June 2015ESS site 2016



The Time-of-Flight (TOF) Method
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Disk choppersFermi choppers

f < 300 Hz

Δt > 10μs

f < 600 Hz

Δt > 1μs

Neutron Choppers



Impact on bandwidth of pulse-shaping chopper
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Impact on bandwidth of pulse-shaping chopper
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Hall Layout
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Hall Layout
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Beamport separation
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ESS: 42 beamports J-PARC: 23 beamports



Beamport separation
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Beamport separation
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ESS looking towards MAX IV and Lund University



Facility-based Survey on Neutron Users
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Neutron	Users	in	Europe:		
Facility-Based	Insights	and	Scientific	Trends	
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Science	Fields	and	Experiments	
Figure	 3.16	 shows	what	 percentage	 of	 experiments	 is	 dedicated	 to	 each	 science	 field.	The	 graph	was	
created	 by	 correlating	 data	 from	 figure	 3.15	 (science	 fields	 per	 method	 expressed	 as	 percentage	 of	
experiments)	 with	 figure	 3.5	 (number	 of	 experiments	 carried	 out	 per	 year	 with	 each	 method).	 It	 is	
important	to	note	that	particle	physics	is	included	in	the	physics	category	in	figure	3.16.	Data	in	the	pie	
chart	below	confirm	significant	dominance	of	experiments	related	to	physics	(38%)	and	materials	(19%),	
which	are	closely	followed	by	chemistry	(15%).	A	similar	percentage	of	experiments	is	dedicated	to	soft	
condensed	matter	 (9%),	 life	 science	 (8%),	 and	earth	and	geo	 sciences	and	heritage	 conservation	 (7%).	
Engineering	experiments	represent	3%	of	all	experiments	carried	out	at	neutron	sources	in	Europe.	
	
Fig	3.16	Europe:	Science	fields	expressed	as	percentage	of	experiments		

	
	

Use	of	Methods	
Figure	 3.17	 shows	 percentual	 distribution	 of	 beam	 days	 across	 methods	 and	 is	 based	 on	 data	 from	
figure	3.5.	(22526	beam	days	in	total).	The	number	of	beam	days	used	for	non-scattering	methods	(1872)	
is	not	included.	The	distribution	shows	that	small	angle	neutron	scattering	and	powder/liquid	diffraction	
each	 occupy	 16%	 of	 beam	 days.	 Looking	 at	 instrument	 classes,	 the	 chart	 shows	 that	 diffraction	
(powder/liquid	diffraction,	single	crystal	diffraction	and	engineering	diffraction)	uses	approximately	one	
third	of	beam	days	(32%).	Large-scale	structure	(small	angle	neutron	scattering	and	reflectometry)	follows	
closely	behind	with	28%.	Spectroscopy	(high-resolution	spectroscopy,	cold/termal	triple	axis	spectroscopy,	
cold/thermal	time-of-flight	spectroscopy,	and	vibrational	spectroscopy)	uses	24%	of	beam	days.	Imaging	
uses	8%	and	nuclear	and	particle	physics	uses	7%	of	beam	days	at	neutron	sources	in	Europe.	
	
Fig	3.17	Europe:	Use	of	methods	expressed	as	percentage	of	beam	days	
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Science	Fields	and	Experiments	
Figure	 3.16	 shows	what	 percentage	 of	 experiments	 is	 dedicated	 to	 each	 science	 field.	The	 graph	was	
created	 by	 correlating	 data	 from	 figure	 3.15	 (science	 fields	 per	 method	 expressed	 as	 percentage	 of	
experiments)	 with	 figure	 3.5	 (number	 of	 experiments	 carried	 out	 per	 year	 with	 each	 method).	 It	 is	
important	to	note	that	particle	physics	is	included	in	the	physics	category	in	figure	3.16.	Data	in	the	pie	
chart	below	confirm	significant	dominance	of	experiments	related	to	physics	(38%)	and	materials	(19%),	
which	are	closely	followed	by	chemistry	(15%).	A	similar	percentage	of	experiments	is	dedicated	to	soft	
condensed	matter	 (9%),	 life	 science	 (8%),	 and	earth	and	geo	 sciences	and	heritage	 conservation	 (7%).	
Engineering	experiments	represent	3%	of	all	experiments	carried	out	at	neutron	sources	in	Europe.	
	
Fig	3.16	Europe:	Science	fields	expressed	as	percentage	of	experiments		

	
	

Use	of	Methods	
Figure	 3.17	 shows	 percentual	 distribution	 of	 beam	 days	 across	 methods	 and	 is	 based	 on	 data	 from	
figure	3.5.	(22526	beam	days	in	total).	The	number	of	beam	days	used	for	non-scattering	methods	(1872)	
is	not	included.	The	distribution	shows	that	small	angle	neutron	scattering	and	powder/liquid	diffraction	
each	 occupy	 16%	 of	 beam	 days.	 Looking	 at	 instrument	 classes,	 the	 chart	 shows	 that	 diffraction	
(powder/liquid	diffraction,	single	crystal	diffraction	and	engineering	diffraction)	uses	approximately	one	
third	of	beam	days	(32%).	Large-scale	structure	(small	angle	neutron	scattering	and	reflectometry)	follows	
closely	behind	with	28%.	Spectroscopy	(high-resolution	spectroscopy,	cold/termal	triple	axis	spectroscopy,	
cold/thermal	time-of-flight	spectroscopy,	and	vibrational	spectroscopy)	uses	24%	of	beam	days.	Imaging	
uses	8%	and	nuclear	and	particle	physics	uses	7%	of	beam	days	at	neutron	sources	in	Europe.	
	
Fig	3.17	Europe:	Use	of	methods	expressed	as	percentage	of	beam	days	
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