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Neutrons	are	special

Charge neutral
Deeply penetrating 

Li motion  in fuel cells

Help build electric cars

Nuclear scattering
Sensitive to light elements 

and isotopes 

Actives sites in proteins

Better drugs

S=1/2 spin  
probe directly magnetism

Solve the puzzle of High-Tc 
superconductivity

Efficient high speed trains
3



Neutrons	and	Nobel	Prizes
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1932: Chadwick discovers "a 
radiation with the most 
peculiar properties", the 

neutron. 

Cliff Shull: w
here are the

 

atoms ?
Bert Brockhouse: what do they do ?

Nobel	prize	1935

Nobel	prize	1994
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Nobel	Prizes: Chadwick De		Gennes
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and	Shull
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Kosterlitz
2016



Nobel	prize	2016	

David	J.	Thouless,	F.	Duncan	M.	Haldane,	and		J.	Michael	Kosterlitz for	

‘theoretical	discoveries	of	topological	phase	transitions	and	topological	phases	of	matter’

Validated	by	neutron	scattering	experiments	at	ILL	(FR),	ISIS	(UK),	Chalk	River	(CDN),	SNS	(US),	…

Haldane	was	postdoc	at	the	ILL

occurs	in	
superconductivity,	
lasers,	
superfluids and	
thin	magnetic	films.
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Length	and	Energy	Scales
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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



Neutron	use	per	science	topic	

9

structure	+	
chemistry

materials

magnetism

Liquids	+	glasses
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Life	Science

nuclear	
physics

applied	+	
instrumental
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data:	ILL
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Journey to deliver the world’s leading 
facility for research using neutrons

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

2019/2020
Machine Ready for
1st Beam on Target

2023
ESS Starts
User Program



The	European	Spallation	Source

High	Power	
Accelerator	means	
more	neutrons

An	Innovative	Target	Station	that	
can	host	>30	instruments

Flat	moderator	delivering	smaller	and	
brighter	neutron	beams

High	brightness	and	tuneable	resolution	
makes	new	measurements	possible

1
1
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Long-pulse	performance
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Pulsed	Neutron	Souces:
Neutron	energy	measurement	via	its	time	of	flight	

more	neutrons	per	second	than	any	steady	state	source	…	
Time	distance	diagram	of	white	beam	instrument	with	Pulse	Shaping	Chopper

2.2. AN INSTRUMENT SUITE FOR THE ESS 41
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Figure 2.21: (top) Time-distance diagram of a white-beam instrument with a pulse-shaping chopper. �
and T are the source pulse-width and repetition period, respectively, and L1 and L2 are the source-
chopper distance and chopper-detector distance, respectively. The figure shows the ”natural” length for
an instrument with a pulse-shaping chopper: fully filling the time frame without the need for wavelength-
frame multiplication. (bottom) Time-distance diagram of a white-beam instrument with a pulse-shaping
chopper and triple wavelength-frame multiplication

which will be required. The work is still on-going, but it is already clear that the instrument concepts of
the reference suite will perform very well. Several di�erent chopper schemes for RRM have been identified
which are able to achieve the varying frame lengths required for the di�erent incident energies, and are
in the process of being further optimized. Detailed WFM calculations have demonstrated the feasibility
of the method in simulations, and test experiments and prototyping are well under way. It has been
shown [110] that guides as long as 300 m can deliver almost perfect brilliance transfer up to the sample
for realistic beam divergences of both thermal and cold neutrons. Enhancing signal over noise is clearly



Two	strategies	for	neutron	instrumentation	at	ESS

Intensity

0 time (ms)1  2 3 4

0 time (ms)1  2  3  4  

Use as much as possible of the 
whole pulse:
Good for low wavelength resolution 
instruments.
SANS, Reflectometry, single 
crystal diffraction.
Estimated gains 10-100 times than 
currently available.

Cut the long pulse into smaller 
pulses:
Good for higher wavelength 
resolution instruments
Diffraction, cold/thermal 
spectrometers.
Long Instruments (80-100 m)
Estimated gains 10-30 times than 
currently available.
Thermal gains lower. 14



ESS	Opens	New	Capabilities	to	Science	

FAST	MEASUREMENTS

DETECTION	OF	WEAK	SIGNALS

LOW	BACKGROUND

POLARIZED	NEUTRON	CONTRAST

REAL	TIME	
DATA	VISUALISATION

EFFICIENT	DATA	REDUCTION

COMPUTATIONAL	
SUPPORT

INTUITIVE	DATA	
ANALYSIS

SMALL	SAMPLE	
VOLUMES

EXTREME	ENVIRONMENTS	
(P.H.T)

REAL	WORLD	SAMPLE	
ENVIRONMENT

IN-SITU	PROCESSING

DILUTE	SAMPLE

ADVANCED	
NEUTRON	TECHNOLOGIES

DEDICATED	SUPPORT	LABS

FLEXIBLE	INSTRUMENTS

WIDE	DYNAMIC	RANGE

TUNEABLE	RESOLUTION

HIGH	RELIABILITY

LONG-WAVELENGTH	ADVANTAGE

HIGH
NEUTRON

BRIGHTNESS		

UNIQUE
LONG	PULSE
STRUCTURE		

ADVANCED
COMPUTATIONS

&	SOFTWARE
(DMSC)

REAL	WORLD	
SAMPLES,
REAL	WORLD
CONDITIONS		

1
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Quantum	Enzymology
Protein	Dynamics

Multi-scale	structure	and	
dynamics

Kinetics of Complex 
micro-fluids

In Operandi Advanced 
Energy Devices 

Complex	Interfaces

New	States	of	
Matter

Charge	and	Spin	Transport	in	
Novel	Materials

ESS	Opens	New	Capabilities	to	Science	

16



ESS	Project	Scope	on	Instruments	
(Neutron	Scattering	Systems,	NSS)

NSS	Scope:	22	public instruments by	2028 together	with	a	technical	and	scientific	support	
infrastructure	that	enables	scientific	excellence	and	high	quality	scientific	user	service.	

Science Support 
Laboratories

Sample Environment

22 Instruments Analysis and Visualisation 
Software

Science 
(Publications)

Ideas 
(Proposals)

17



The	NSS	Project	Instruments	
All	are	funded	to	be	world	leading	in	2023

Instrument	
Class Instrument Costbook

(M€)

Upgrad
e

(M€)

Performance target	at	Cost	book	value
(@	2MW)

Large	Scale	
Structures

LOKI (Broad	band	SANS) 12.19 3.0 5	x	D22	&	20	x	SANS2D

SKADI	(General	Purpose	SANS)	(+SONDE funds) 11.50 3.0 4 x	D22

ESTIA	(Focusing	Reflectometer) 11.80 4.6 • Conventional mode:	~	100	x	D17
• High	intensity	mode:	1cm2 samples		=	seconds

FREIA	(Liquids	Reflectometer) 13.20 5.0 30 x	FIGARO,	INTER

Diffraction

DREAM (Bispectral powder	diffractometer) 13.66 5.1 >	10	x	POWGEN	or	WISH

HEIMDAL	(Hybrid	diffractometer) 13.55 3.7 ~	50	x	GEM,	~	8	x	new	POLARIS

MAGIC	(magnetism	single	crystal	
diffractometer)

13.10 1.9 • Cold:	>	100	x	worlds	best,	
• Thermal:	1mm3 crystals	=	10	min

NMX	(Macromolecular	crystallography) 11.67 2.5 >	10	x	LADI	& Biodiff

Engineering	&	
Industrial

BEER	(Engineering	diffractometer) 14.99 9.3 world	leading	in	strain scanning,	unique	flexibility

ODIN	(multi-purpose	imaging) 11.60 5.8 world	leading	for	high	resolution,	
>	10	x	best	for	 TOF	methods

Spectroscopy

BIFROST	(extreme	environment spectrometer) 13.45 2.4 >	10	x	THALES	&	MACS

C-SPEC	(cold	chopper	spectrometer) 16.50 2.4 2	- 6 x	IN5

T-REX	(bispectral chopper	spectrometer) 16.85 3.1 3	x	4-SEASONS,		3 x	IN5

VESPA	(vibrational spectroscopy) 12.00 2.9 10	x	VISION	(ΔE	=	130	meV)

MIRACLES	(backscattering	spectrometer) 13.53 1.7 2	x	BASIS	and	DNA

Total	cost	book	value 199.59 56.4
18

Council.07.14.a
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Instrument	
Class Instrument Costbook
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Council.07.14.a

Excellent	oportunities for	science	at	2	W	
Instrument	upgrades	add	another	factor	2-3
Going	from	2	MW	to	5	MW	adds	factor	2,5

=>	Factor	6



15	Instruments	selected	so	far	
8	to	be	in	user	operation	by	2023
ODIN	imaging

SKADI	GP-SANS

LOKI	Broadband	SANS
Surface	Scattering

FREIA	Hor.	Refl.

ESTIA	Ver.	Refl.

HEIMDAL	Pow.	Diffr.

DREAM	Pow.	Diffr.
Monochromatic Powder	
Diffractometer

BEER	Eng.	Diffr.
Extreme	Conditions	
Diffractometer

MAGIC	Magn.	Diffr.

NMX	Macromol.	Diffr.

CSPEC	ColdChopSp

VOR	BroadbandSp

T-REX	ThChopSpec

BIFROST Xana Spec

VESPA Vibr.Spec.

MIRACLES BckScatt

High-Resolution	Spin-Echo

Wide-Angle	Spin-Echo

Fundamental	&	Particle	
Physics
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soft	condensed	matter engineering	& geo-sciences

chemistry	of	materials archeology	&	heritage	
conservation

energy	research fundamental	&	particle	
physics
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Internal* Neutron	Beam	Instrument	Schedule			
DRAFT	FOR	DISCUSSION				V3.2,	9th May	2017	

NOTES:
• Assumes	2MW	maximum	
power	until	end	2025

• Phases	aligned	with	TG2	
reviews	on	1st 9	NBIs

• TG4	(Installation	&	
Integration)	not	yet	
aligned	with	on-site	
resource	plan

Preliminary	Design

Detailed	Design

Manufacturing	&	Procurement

Installation	&	Integration

Hot	Commissioning/Early	science	

Operation

Hot	
Commission	
instruments

2016							2017							2018						2019							2020							2021							2022						2023							2024							2025

21

West	
sector

North	
sector

East	
and	
South	
sectors

Current		
date

First	
access	to	
NSS	areas

Start	User	
Program

Ready	for	
Beam	on	
Target	

Installation	for	most	instruments	begins	in	Q2/2019	with	in-monolith	optics
Access	to	other	“instrument	construction	areas”	will	be	later

* still	under	discussion	
with	ESS-ERIC	Council	

C.09.14.

2.0

0.0

1.5

0.5
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Installation	for	most	instruments	begins	in	Q2/2019	with	in-monolith	optics
Access	to	other	“instrument	construction	areas”	will	be	later

* still	under	discussion	
with	ESS-ERIC	Council	

C.09.14.

2.0
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0.5

Initially	focus	on	reliable	user	operation	at	2	MW
Ramp	up	to	5	MW	later



• For	researchers	who	need	neutron	beams	for	their	experiments.
• From	universities,	institutes,	industry.
• We	provide	tools	&	support;	they	bring	their	projects	and	perform	the	

experiments.	Selection	of	experiments	via	proposal	scheme	by	scientific	
excellence

• 2000-3000	visiting	users/year.	A	stay	can	be	days	or	weeks.
• Many	different	disciplines:	materials	research,	physics,	chemistry,	life	science…

ESS	will	be	a	user	facility
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ODIN

DREAM

NMX

MIRACLES

BEER
C-SPEC

T-REX

MAGIC

BIFROST

HEIMDAL

FREIA

LoKI

SKADI

VESPA

ESTIA50	m

100	m 150	m

Hall3
E03	1	× Engineering
E04	1	× Life	Science,	

1	× Cold	room
1	× Instrument	room
1	× Chemistry,	
1	× CharacterizationHall	2

D04	1	× Life	Science,	
1	× Cold	room
2	× Instrument	room

Hall	1
D07	1	× Life	Science,	

1	× Cold	room
D08	1	× Chemistry,

1	x	Radioactive	Mat.	L.

ESS Neutron Instruments 1-15
and Support Infrastructure

E04

D04

D07

D08

E03



Tentative	Instrument	Ramp-up

Instrument 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

LOKI

ODIN

NMX

ESTIA

CSPEC

DREAM

SKADI

BEER

BIFROST

MAGIC

T-REX

VESPA

MIRACLES

HEIMDAL

FREIA

Instrument	16

Instrument	17

Instrument	18

Instrument	19

Instrument	20

Instrument	21

Instrument	22

Hot CommissioningConstruction Project User Programme50		75			100%

1

2

based	on	Instrument	Construction	Working	Schedule	V3.1,	25/4/2017

1MW

2MW

3MW

4MW

5MW

8	instruments	in	user	programme



ESS,	MAX	IV	and	Science	Village	
Scandinavia

26

MAX	IV	
World	leading	in	
brilliance
National	lab,	hosted	
by	Lund	University.	14	
beamlines.	2016.

Science	Village	
Scandinavia,	SVS
Owned	by	the	
Region	of	Skåne,	
the	City	of	Lund	
and	Lund	
University.	18	ha.	
2019.

26



Conventional	Facilities	Schedule	
(preliminary)

27



Summary

• ESS	will	be	the	worlds	most	intense	neutron	source

• ESS	will	provide	world	leading	new	research	
opportunities	for	research	with	neutrons	in	a	wide	
range	of	science	and	technology

• User	operation	with	8	instruments	is	planned	for	
2023

• ESS	is	looking	for	further	members
28



FUTURE	SCENARIOS	OUTLINED	IN
THE	2016	ESFRI	REPORT

Pessimistic	scenario:	ILL	operates	at	reduced	output	
until	2023,	ESS	with	22	instruments	beyond	2028.	
Earlier	closer	and/reduced	operations	for	a	number	
of	medium	power	sources

Optimistic	scenario:	ILL	operates	until	2030,	ESS	
with	35 instruments	beyond	2035.	



FUTURE	SCENARIOS	OUTLINED	IN
THE	2016	ESFRI	REPORT

Pessimistic	scenario:	ILL	operates	at	reduced	output	
until	2023,	ESS	with	22	instruments	beyond	2028.	
Earlier	closer	and/reduced	operations	for	a	number	
of	medium	power	sources

Optimistic	scenario:	ILL	operates	until	2030,	ESS	
with	35	instruments	beyond	2035.	

ESS	needs	to	build	up	its	research	capacity	
as	soon	as	at	all	possible
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Neutrons	are	special

• 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

Partner(Day(Belgium

February(2014

Neutrons(are(special

4

• 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  
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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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WHERE	ARE	THE	ATOMS
AND	WHAT	DO	THEY	DO?
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The	European	Spallation	Source

High	Power	
Accelerator	means	
more	neutrons

An	Innovative	Target	Station	that	
can	host	>30	instruments

Flat	moderator	delivering	smaller	and	
brighter	neutron	beams

High	brightness	and	tuneable	resolution	
makes	new	measurements	possible
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