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Outline

« Neutrons properties and their interactions

 How to generate intense neutron beams using high power proton
linear accelerator: The example of the ESS

for further reading
« Applications using Neutrons



EUROPEAN
SPALLATION

Electro-magnetic Spectrum

Penetrates Earth's
Atmosphere?

Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m)

Approximate Scale
of Wavelength

Buildings Humans  Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Frequency (Hz)

10* 108 10%2 10%° 10'° 10'® 10%°

Temperature of
objects at which
this radiation is the
most intense
wavelength emitted

1K 100 K 10,000 K 10,000,000 K
=272 °C -173 °C 9,727 °C ~10,000,000 °C
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atomic and organic surfaces and multilayers viruses

magnetic molecules inhomogeneities cracks and volds
structures magnetic defects micelles critical phenomena
pharmaceuticals proteins
Internal strain supermolecules polymers
0.1 0.3 1.0 2.0

neutron wavelength in nm
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Neutron Microscope — Time & energy scales @

Time scale (seconds)

Crystal fields magnons and phonons spin relaxation
single particle  spin fluctuations tunneling polymer reptation
excitations diffusion glassy dynamics
molecular excitations libration

<4

Excitation energy (eV)
1 101 102 103 106 109



lonizing Radiation

lonizing radiation is radiation composed of particles that individually carry
enough energy to liberate an electron from an atom or molecule without
raising the bulk material to ionization temperature.

o Sm—

@ When ionizing radiation is emitted by or
absorbed by an atom, it can liberate a particle.
Such an event can alter chemical bonds and
> produce ions, usually in ion-pairs, that are

especially chemically reactive.

f @

Note: Neutrons, having zero electrical charge, do
not interact electromagnetically with electrons,
and so they cannot directly cause ionization by
this mechanism.

y

n O —@%@

=» High precision non-destructive probe ... why ?
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Neutrons Properties

Note: X-rays are
8 protons emitted by electrons
outside the nucleus,
while gamma rays
are emitted by the
@ electron nucleus.

Synchrotron X-rays

Neutrons

Carbon atom

1.675x10%" kg Mass | 939.57 MeV | m, = mp + 2.5m,

Mean lifetime 15 min n— p+e + 1,
Composition udd hadron
Electric charge 0 high penetration

Magnetic moment | —1.04 g | feels the nucleus
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Neutron Energy

Boltzmann distribution De Broglie

E [meV]=0.0862 T[K]=5.22 v? [km/s] = 81.81/—12 [A]

Wavelength

cold 0.1-10 1-120 30-3

thermal 5-100 60-1000 4-1
hot 100-500 1000-6000 1-0.4
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Why neutronsr) SOURCE

Wave Particle Magnetic moment Neutral

== o= i
- © Ty =

Neutron properties are used to understana the nature of the solid and liquid
states of matter, as an analytical tool to aid the development of materials
and as a tool to examine curiosity-driven research that spans from
cosmology, superconductivity to the dynamics of the molecules of life.

—0@ 1. Neutrons see the Nuclei

2. Neutrons see Elementary Magnets

3. Neutrons see light Atoms next to Heavy Ones
. Neutrons measure the Velocity of Atoms

5. Neutrons penetrate deep into Matter

6. Neutrons are Elementary Particles

< Y
) © 1 & e



Why neutrons’) ( SOURCE

Electrically Neutral — neutrons are non-destructive and can penetrate deep
iInto matter. This makes them an ideal probe for biological materials and
samples under extreme conditions of pressure, temperature, magnetic field or
within chemical reaction vessels.

Microscopically Magnetic — they possess a magnetic dipole moment which
makes them sensitive to magnetic fields generated by unpaired electrons in
materials. Precise information on the magnetic behavior of materials at
atomic level can be collected. In addition, the scattering power of a neutron
off an atomic nucleus depends on the orientation of the neutron and the spin
of the atomic nuclei in a sample. This makes the neutron a powerful
instrument for detecting the nuclear spin order.

Angstrom wavelengths — neutron wavelengths range from 0.1 A to 1000 A,
making them an ideal probe of atomic and molecular structures, be they
single atomic species or complex biopolymers.
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Why neutrons’) ( SOURCE

Energies of millielectronvolts — their energies are of the same magnitude as
the diffusive motion in solids and liquids, the coherent waves in single crystals
(phonons and magnons), and the vibrational modes in molecules. Itis easy to
detect any exchange of energy between a sample of between 1microeV (even
1 neV with spin-echo) and 1eV and an incoming neutron.

Randomly sensitive — with neutrons the variation in scattering power from one
nucleus to another within a sample varies in a quasi-random manner. This
means that lighter atoms are visible despite the presence of heavier atoms,
and neighboring atoms may be distinguished from each other. In addition,
contrast can be varied in certain samples using isotopic substitution (for
example D for H, or one nickel isotope for another); specific structural features
can thus be highlighted. The neutron is particularly sensitive to hydrogen
atoms; it is therefore a powerful probe of hydrogen storage materials, organic
molecular materials, and biomolecular samples or polymers.

11
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Why neutrons’? SOURCE

In half a century we have developed neutron scattering science enormously
with an effective gain in source performance of only a factor of 4 !

* Diffractometers - Measure structures
— Where atoms and molecules are

1 - 10 Angstrém

—> To analyze the structure of a material from the scattering
pattern produced when a beam of radiation or particles (such
as X-rays or neutrons) interacts with it

 Spectrometers - Measure dynamics
— What atoms and molecules do

“Spectroscopy”

1-80 meV

. . L phot
- To measure properties of .|Ight over a specific W .|\ cte-)
portion of the electromagnetic spectrum e sk}

DETECTOR-ANALYZER

(energy, momen tum,
polarization, etc...)
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Why neutrons?

Cliff Shull — Neutron diffraction - showing where atoms are:

Hn’u [RED |33ﬁn 1511 N ) Y - Fe 0
D20, (\=2.4A)

O~
Temp, €

hw (eV) -

Using nowadays technique..
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Energies of neutrons are same scale as excitations. 1 Aneutron 6orders of magnitude less than 1 A Synch.
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Scientific challenges

Solid State Physics
Dynamics of superlattices, wires and dots, molecular magnets, quantum phase transitions

Liquids and Glasses
Solvent structures, influence of molecular structures on protein folding

Fundamental Physics
Left and right handedness of the universe, neutron decay, ultracold neutrons

Soft Condensed Matter
Time resolution, molecular rheology, structures and dynamics

Biology and Biotechnology
Hydrogen and water , membranes, biosensors, functions

Materials Science and Engineering
Real time investigations with realistic dimensions under real conditions

Chemical Structure, Kinetics and Dynamics
Thin films, pharmaceuticals, supramolecules - structures and functionality

Earth and Environmental Science, Cultural Heritage
Extreme temperatures and pressures simulating the mantle
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Fields of interest

A wide range of length and timescales.

High sensitivity and selectivity.

Deep penetration.

| sustainability
technology

heritage

\

186
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The visions

 Room Temperature Super Conductors
« Sterile neutrinos

« Hydrogen storage substrate

« Neutron electric dipole moment

. Efficient membrane for fuel cells e D“’E‘
« Flexible and highly efficient solar cells i V,D’f
é_ lmactl;‘:ofv p;soermo 10(;(: 10
« Carbone nano-tubes for controlled drug release T e o g>-w<m°dﬂ

208 (1993)

« Self healing materials — smart materials

« Spin-state as a storage of data (1022 gain in capacity) _

- CO, sequestration %
I

17



Multi-science with neutrons
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Materials science

Bio-technology Nano science
Hardware for IT Engineering science

Energy Technology

MRAM-Storage Device

- Neutrons can provide unique and
information on almost all materials.

- Information on both structure and
dynamics simulaneously. "Where are
the atoms and what are they doing?”

- 6000 primary users in Europe today
and 6000 secondary users.
Access based on peer review.

- Science with neutrons is limited
by the intensity of today’s sources

18



Neutron scattering - an expanding field

Because of their unique
g Materials processing properties, neutrons are a
pamaen v M o, powerful tool for
@(-/’,’
e,
Y

investigating Nature at all
levels, from testing
theories about the
evolution of the Universe

to elucidating the complex
processes of life.

e
26210V e

n
savinep wimuend

1950 1960 1970 1980 1990 2000 19



X-Ray and Neutron beam
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Complementarity between X-rays

Consider ESS/MaxIV equal in terms of functionality
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Synchrotron radiation

« Particle beam (neutral subatomic « Light beam (electromagnetic wave)
particle)
* Interactions with the electrons
» Interactions with the nuclei and the surrounding the nuclei (in the
magnetic moment of unpaired sample)

electrons (in the sample)
» Mainly scattered by heavy elements

« Scattered by all elements, also the
light ones like the hydrogen isotopes

Small penetration depth (surface
studies of samples)
» Deep penetration depth (bulk studies
of samples) * Very intense beam measuring small
or ultra-dilute samples
» Less intense beam measuring larger
samples



Complementarity between X-rays &

Neutrons

Neutrons Applications SR Applications

« Magnetic structures & excitations * Protein-crystal structures

« Organic structures using the H-D Fast chemical reactions
isotope effect
« Surface studies (defects, corrosion)
» Bulk studies (strains, excitations)
« High-energy spectroscopy e.g.
« Low-energy spectroscopy e.g. measurements of electron energy-

molecular vibrations levels

23
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(=3
Complementarity between X-rays & Neutrons

neutrons

X-ray interact with electrons
—> X-rays see high-Z atoms
Material for Li-battery seen by
Neutron interact with nuclei X rays {left) and
> Neutrons see low-Z atoms Neutrons (right)

T. Kamiyama, et al.
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Proteins

Mice iles

Bacteria

Atomic Structures .

Porous Media  Precipitates Grain Structures

Polymers

° P TEM .,_
DIFFRACTION| SANS/SAXS g—oANS .
X-ray, n, e 10-1000 A Optical microscopy

-

pLS  Lightscattering

-l
-

10-1'm 10~ 10-7 10 10-3

Advantages of SANS over SAXS are its sensitivity to light elements, the possibility of
isotope labeling, and the strong scattering by magnetic moments.
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Complementarity between X-rays & Neutrons

Hen Egg-White Lysozyme

Water molecules
Observed with
neutrons

N. Niimura, et al.

Neutrons
Protein
DNA
A proten
' molecule

From structure to function

" moving along
theDNAchain
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Complementarity between X-rays & Neutrons

..see light atoms

©d

..See atoms move ..See isotopes




Neutron beam and X-Ray for Medical :sm:ﬁ':g”

Applications

iThemba Particle Therapy Centre = [iThemba
[iTPTC] RF LAES

National Research = Laboratory for Accoleritor
Foundation ' Based Scences

Spot Scanning Principle
Single Spot Few Spots

Final Dose
Distribution




Scattering and Diffraction



Neutron Scattering Techniques

DD
e -, B
AN =S

Inel
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Scattering — coherence and incoherence @

Definition £
One dep€ :
are, what

When used as a probe for small samples of materials,
neutron beams have the powerto reveal whatis invisible
using other radiations. Neutrons can appear to behave
either as particles or as waves or as microscopic
magnetic dipoles, and it is these specific properties
which enable them to uncover information which is i
often impossible to access using other technigues. ISOtOpeS and Spm?



Inelastic Scattering of plane wave

0,..=number of neutrons scattered in all directions per sec/incident flux

ﬁ ral's Scattered spherical wave: —b exp(ikr)/b
d Simple spherical object!!
/
k /
N
\\\
N dQ

Plane incident wave: exp(ikr) k’




SOURCE

Diffraction = Coherent Elastic Scattering of :3:&:?:&

plane wave

o,.—~nhumber of neutrons scattered in all directions per sec/incident flux

Scattered spherical wave: —b exp(ikr)/b
Simple spherical object!!

dQ

Plane incident wave: exp(ikr)

k!




Scattering

« Cross section: Io (# particles scattered into solid angle AC/s)

- (# particles incident/sec)(# scattering centers/area)

do(Q)
dQ

=N,V,pP(Q)5(Q)

Volume fraction

Contrast

Shape

Interaction
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Scattering

Coherent XS~ Signal
Incoherent XS~ Background
Absorption XS~1/Intensity

90
2 807 I Coh XS
& 70- B inc XS 14 16 18 20 22 24 26 28 30 32
— Bl Abs XS : : : '
S 60 d-spacing (A)
§ 50
(7)) ]
8 40 H . .
g ] The neutron diffraction pattern of
o 7 sulfuric acid tetrahydrate at 4.2 K as
g ] _ - seen by the 90 degree detectors on
S 107 e — HRPD, and fitted with the existing X-
n 1 o . i .

= === ray derived structural model for the

Element deuterated species.
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Neutron cross sections SOURCE

NIST Center for Neutron Research e

UserProposal Instruments SiteMap

Neutron scattering lengths and cross sections
Isotope [conc (Coh b [Inc b (Coh xs [Inc xs [Scatt xs |Abs xs
Fe |- [945 |- 2.56

J4Fe 5.8 42 |i:I 2.2 Neutron scattering lengths and cross sections
S6Fe |91.7 |'5'-'5"‘I |':I 12 .4 Tsotope |r,nm: Cohb Inch Coh xs | Inc xs |Scatt xs Abs
57Fe 22 23 | |0_ﬁ Gd |- [6.5-13.82i |- 293  [151.(2.)[180.2) [49700.(125.)
58Fe 03 [15.7) |D 8 152Gd 0.2 ([10.43.) 0 13.(8.) [0 13.(8.) [735.20.)
154Gd 2.1 [10.3)) 0 13.(8.) [0 13.(8.) [85.(12.)
155Gd [14.8 |6.0-17.0¢ |(+/-)5.(5.)-13.16i |40.8  |25.(6.) |66.06.) |61100.(400.)
156Gd (206 |6.3 0 5 0 5 1.5(1.2)
NOTE: The above are only thermal ne . .
dependent cross sections please go ta 157Gd [15.7 |-1.14-71.9{ |(+/-)5.(5.)-55.8i |650.(4.)|394.(7.) |1044.(8.) 259000.(700.)
_ 158Gd [24.8 |9.(2.) 0 10.(5.) [0 1045 [2.2
Select the element, and you will get a
Feature section of neutron scattering le |160Gd [21.8 9.15 0 1052 |0 10.52
3, 1992, pp. 29-37.




Diffraction - Bragg

Diffraction of X-rays or neutrons by
polycrystalline samples is one of the
most important, powerful and widely
used analytical techniques available
to materials scientists. For most
crystalline substances of
technological importance, the bulk
properties of a powder

or a polycrystalline solid, averaged
throughout the sample, are required;
in general a single-crystal data,
even if they can be obtained, are
usually of little interest except for
determination of the crystal structure
or for studying some other
fundamental physical property. By J
lan Langford and Daniel Louer
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s TS
g B [
[y — 7
rf % Ty

X-rays interact with the atoms in a
crystal.

. » -

I\\

\
™

. 26

Y
.
.

According fo the 26 deviation, té
phase shift causes constructive (left
figure) or destructive (right figure)

interferences. 37
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Diffraction - Bragg

« Bragg / Laue scattering
« Coherent elastic scattering

Two beams with identical wavelength and phase approach a crystalline
solid and are scattered off two different atoms within it. The lower beam
traverses an extra length of 2dsin@. Constructive interference occurs when
this length is equal to an integer multiple of the wavelength of the radiation.

T
L
®

¥
-

2d sin B

Constructive interference
when

nA =2dsin 6
Bragg’s Law

38
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Diffraction - Bragg

Using the grains as internal strain gauges

A

A

A=2dsind
¢=—-cotf) (0-6,)

Textute
Phasef,\ Volume

Two ways to measure d: Microstructure _______
-keep A fixed and measure 0 '
constant wavelength

-keep 6 fixed and measure A
time-of-flight

Braggs law gives information about position of a

diffraction peak from a type of lattice planes. V R
Rietveld approach calculated height, position and ] _ _ 2 g
width of diffraction peaks from first principles, |.e. Slngle peak Lattice spacing i q

Temperature, composition, vacancies, etc. Strain
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Diffraction: Texture

* |ISIS: GEM instrument
* Near 411 coverage

Example:

« Cold rolled copper,
simulating manufacturing
process for archeometry

o 2mm thick disks
e 20x20mm? beam
e 2 min counting times

Put N hpl gnheeod
= Tkt N Fhii®, (15)
Py 4xr p sin?2f

ntensity of diffraction pea

Neutron texture analysis on GEM at ISIS
W. Kockelmann, L.C. Chapon and P.G. Radaelli
Physica B, Vol. 385-386 (1), pp639-643 (2006)
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Diffraction: Stress and Strain

Tyx Oy T‘.\"E!

Tzx  Tzy Yz

(}'.[.t U‘EE U'EE
l Opy Opp Opg
T31 Yzz Yss

x Uij where (iand j=123)

Applications:
Residual stresses
Fatigue/Structural Integrity
Welds
Alloy development
Microstructure/Texture
Phase transformation
In-situ experiments

41
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Example - Diffraction

PHYAICAL REVIEW VOLUME 798, KUMBPER 3 AFRIL I3, 194E

The Diffraction of Neutrons by Crystalline Powders

Gru?hite Collimator| | Neutron flight tube

ilter

Monochromator
Adjustable slits

Monitor

Adjustable slits

Fic. 1. Arrangement of apparats, showing the mono-
". chromating crystal (detaided in left center) collimating
(ollimator ta, shickliog, seoand spectromeser with location ¢

Pua Y hp' e-mhsecd
= Tkt N Fhii®, (15)
Py 4xr p sin®2f

Intensity of diffraction peak
D2B at the ILL, Grenoble, 50 years later 42
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Time of Flight

0 aa ll ]
Tungsten

s fé : &d& UDQ® target and

water
moderator

Bragg

HEP Test
Beam

70 MeV H- Linac Time-of-Flight:

y "'N\\

Fast, short-wavelength neutrons arrive earlier at detector!

Diffraction in ToF mode at pulsed source. Flight time is propre to wavelength 43
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Figure 1. MNeutron difftaction patterns measared in the course of
heating of the recovered IO high-pressume phase e VI from 94 &
K.

{0a@l=Ih, {181}l

5B EE 55 55 46 4% A5 am 45

d-spacing. &

Figure 3. Meutran diffraction petterns of DD ices before and after phase transitions: (a) from ice VI (dashed Ened to o mixture of hda + (da
does (solid line) at 125 K: (b} from the mixtare of bda 4 Ida ices (solid lice) o doe e (dashed line) at 160 K; {c} from ioe Ie (sclid line) s the
hexggonal phase, “smectic B type stnectars (dashed line). at 190 K; {d) from “smectic B type ice (dashed ling) teice Ik (solid line) at 230 K. The
diffraction pateeres zlso contzin peaks from the aluminem sample car and cryostat.
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Normalized ntensity

[001]

—
E, = 2,500 meVl

Normalized intansity

LiFeP0, and possible lithium pathways. ab, The
ojected alang the [010] (a) and [001] M) directions.
ays are parallel to these directions. The structures
parameters obtained through this work and
Information, Table S1. The structure can be
oonal close-packed oxygen sub-array, in which Li, Fe

gites to form (1) comer-sharing Fe(y octahedra that
distorted two-dimensional square lattice perpendicular
Li0y; octahedra aligned in parallel chains along the
groups connecting neighbouring planes or arrays. The
ellipsoids indicate Li, Fe, P and O atoms, respectively.

Figure 3 Anisotropic harmonic lithium vibration in LiFeP0, shown as green H Egm mm:mmn';f::m'm ;D;::}m

thermal ellipsoids and the expected diffusion path. The ellipsoids were refined 2l sites. One-dimensional diffusion along the [010]

with 85% probability by Rietveld analysis for room-temperature neutron diffraction the computational method ™.
data. Expected curved one-dimensional continuous chains of lithium motion are

drawn as dashed lines to show how the motions of Li atoms evolve from vibrations
to diffusion.

0k

Figure 2 Neuiron diffraction pattems measured at
FeP0,-LiFeP0, hinary phase diagram. a,b, Rigtveld
time-of-flight neutran diffraction profile measured fo
{a) and the angle-dispersive neutron diffraction profi
620 K (b). Two different neutron diffractometers were
information for each measurement as explained in
points are plotted using the common scale 0 = 4mns
C (' range for VEGA and HERMES for comparison. Spec
composition and temperature are given in the inset p
(! Delacourt et al® and Dodd et al ", Observed intensi
¥ @re represented by red plus signs and the green
¢ blue curve at the bottom represents the residual diffe
parameters ane summarized in Supplementary Infor
impurity phase was identified, and the crystal s
with the space group Prmea.
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Fuel Cells

Electric Circuit
40% - B0% efficie

Available online at www.sciencedirect.com

= : SOLID
*.” ScienceDirect STATE

IONICS

www.clsevier.comocate/ssi

Solid State Tonics 177 (2006) 2357-2362

| N o Sl B B S e B N T DRy G U [ G Bh Bo S U ) S Dun Qe fem Rnl Dol Gmn oy S Gen g mao

Tahle 1
Summary of results obiained from Riectveld analysis of neutron powder diffraction data for BaZn —In, 05— 5., collected at 10K on the NPD diffractometer

x=0.0 x=0.0 x=025 x=0.25 x=0.50 x=0.50
{as-prepared) (deuterated) (as-prepared) (deuterated) (as-prepared) (deuterated)

Space group Pm-3m Pm-3m Pm-3m Pm-3m Pm-3m Pm-3m
a(A) 4.1879(1) 4.1880(1) 4.1916(1) 4.1983(1) 4,1942(2) 4.2260(4)
Thermal parameters, By, (A7)
Baon 1(b) 1/2,1/2,172 0.09(3) 0.08(2) 0.1043) 0.21(4) 0.48(6) 0.97(10)
Zr on 1(a) 0,0,0 0.14(2) 0.11(2) 0.19(3) 0.23(3) 0.43(5) 0.37(9)
In on 1{a) 0,0,0 - - 0.19(3) 0.23(3) 0.43(5) 0.37(9)
0 on 3(d) 1/2,0,0 0.24(2) 0.26{2) 0.63(2) 0.56{2) 1.16(4) 1.17(5)
Oxygen site occupancy 2.98(1) 2.99(1) 2.82(1) 2.902) 2.68(2) 2.98(3)
1.96 1.99 1.85 1.64 1.72 316
Weighted R, 4.17% 5.16% 4.7% 4.74% 5.28% 6.62%
Bragg Rp 3.97% 3.86% 4.63% 4.40% 8.16% 6.62%
Fitted parameters 16 16 16 16 16 16

o 29 (0)

number of protons

proton conduction . < x ’ ; 93
A Fig. 2. Low temperature (10K) neutron powder diffraction pattems of as-prepared and respective deuterated (marked with D) BaZr, . In, 055 (x=0.00, 0.25 and 0.50)

© 2006 Elsevier B samples
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Small Angle Scattering

e Scattering Vector
Sin 0 = QAN41T = N2d

— d =21/Q

Small angle — small Q — large distances
long A (cold neutrons) = 6 A, d = 200 A,
20=1.7°

- The larger the object, the smaller the angle
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SANS: Experimental Setup

2D detector

— 105

104 Measures structures at
length scales from 1 nm
to 100 nm

103

""" : SANS
10000;
Beam: ;
1000;
Neutron Collimator < 100
Q 5
or X-ray (SAXS) = 10}
RESULTS o 1;_
oL 47rsin@ 01

ﬂ o.o1E
QminzO-OBO ) Qmaxz3° 0.001 0.01 0.1
Q1/A

In a standard crystallography experiment, theta_max is typically 45 degrees



Small Angle Instruments

Neutron guides.
(Monochromator) (Collimators) (position sensitive)

e = e /X
HWW [
/ \

\/

Neutron guides
Collimators

’
|

Evacuated tube (40m)




Scattering

« Cross section: Io (# particles scattered into solid angle AC/s)

- (# particles incident/sec)(# scattering centers/area)

do(Q)
dQ

=N,V,pP(Q)5(Q)

Volume fraction

Contrast

Shape

Interaction



SANS: Scattering of plane wave

o,..—~nhumber of neutrons scattered in all directions per sec/incident flux

Scattered spherical wave: —b exp(ikr)/b

Simple spherical object!!

Plane incident wave: exp(ikr)

do(Q) . . —
o =N,V,pPQ)S©)

Volume fraction \ Contrast

k!
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SANS: Particles: contrast!

Density: 7 B
Contrast! r,=r,-rg
Density: 7,
6.42
A ‘@9
Mé- RNA
Proteir
Phosphalipids
|
-0.56 %D,0
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SANS: quick example

Protein based drugs:

*Typically proteins in solution to be injected
Long shelf life (up to 2 years)

«Control of release profile is desirable

Fast action: Monomeric Medium action:
and dimeric insulin Hexameric insulin

‘ Slow action: Large
10 nm complexes of hexameric
< > insulin

Knowledge and control of solution
properties of the proteins are crucial

Source: L Arleth, Uni Copenhagen
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SANS versus SAXS

SAXS contrast

SANS contrast 3

SANS gives the possibility of not seing everything at the same time.. ..
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SANS: Different Shapes

0001 001 04 1

- Spheres:
R=60A
SANS
1000¢
: Rods: R=60 A
100¢
g L =1200 A
E 10f Worms: R =18 A
= : SANS
=1 10000 L = 5000 A,
o e '
= o1 1000 Kuhn Length =300 A
0.01¢ g 100p 10000 SANS
0'08.1001' 001041 i 10;_ “ 1000k
Q 1/A o 4 7
— | — c 100§
0.1
f /7 ﬁ 10}
0.01 ~~
o

1_
Q /A
0.1}
001L i i YA
0.001 001 0.1 1

Q VA



SANS: Selective Deuteration

sensitivity and selectivity
Isotopic substitution/contrast variation
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Neutron Reflectivity

REFLECTED
DIFFRACTED REFRACTED TRANSMITTED
PEAKS DIFFRACTION PEAXS
SPECUAR
REFLECTION

 Basic principle

A
Sy .
s



Neutron Reflectivity SoRLLATON

SOURCE

REFRACTED TRANSMITTED
Neutron reflectometry to investigate the delivery of lipids and DNA to DIFFRAGTION PEAKS
SPECULAR
interfaces (Review) i l l
HORIZON

Tommy Nylander
Physical Chemistry I, Lund University, Box 124, SE-221 (X} Lund, Sweden

Richard A. Campbell
Institue Lawe-Langevin, BP 156, 38042 Grenoble Cedex 9, France

Pauline \.-'andmlaegne
Physical Chemistry I, Lund University, Box 124, SE-221 00 Lund, Sweden

Marité Cardenas
Biomedical Technology Laboratory, Faculty of Health and Society, Malmg University, SE-205 06 Malmy,
Sweden

Per Linse
Physical Chemistry I, Lund University, Box 124, SE-221 00 Lund, Sweden

Adrian R. Rennie
Department of Physics, Uppsala University, Box 530, SE-75] 21 Uppsala, Sweden

(Received 6 May 2008; accepted 1 August 2008; published 19 December 2008)

The application of scattering methods in the study of biological and biomedical problems is a field
of research that is currently experiencing fast growth. In particular, neutron reflectometry (NR) is a
technique that is becoming progressively more widespread, as indicated by the current
commissioning of several new reflectometers worldwide. NR is valuable for the characterization of
biomolecules at interfaces due to its capability to provide quantitative structural and compositional
information on relevant molecular length scales. Recent years have seen an increasing number of
applications of NR to problems related to drug and gene delivery. We start our review by
summarizing the experimental methodology of the technique with reference to the description of
biological liquid interfaces. Various methods for the interpretation of data are then discussed,
including a new approach based on the lattice mean-field theory to help characterize
stimulus-responsive surfaces relevant to drug delivery function. Recent progress in the subject area
is reviewed in terms of NR studies relevant to the delivery of lipids and DNA to surfaces. Lastly, we
discuss two case studies to exemplify practical features of NR that are exploited in combination with
complementary techniques. The first case concemns the interactions of lipid-based cubic phase
nanoparticles with model membranes (a drug delivery application), and the second case concerns
DNA compaction at surfaces and in the bulk solution (a gene delivery application). @ 2008
American Vacuum Society. [DOI: 10.1116/1.2976448)]
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Fission and Spallation



Fission and Spallation ggg;L;‘ET'ON

Neutron rission

O product/ro
Nucleus
Neutron with U-235 / \O

Spallation is a non-elastic nuclear

thermal energy E
O——> r AOF Interaction induced by a high-energy
\ @/ro ’ particle producing numerous
O Newtron . Fioion ™ secondary particles
@ rProton Neutron product

Slow neutron —— Fission — Chain reaction

Process Reaction Neutron yield | Energy deposition
Fission 235U(n,f) 3 n/fission 190 MeV /n - Prutons
Spallation | p 1 GeV — Hg 30 n/proton 55 MeV /n
Nucleus F"UHE
Primary particle
O )- —)-- Neutrons

Remdua]s

_60_
Gammas
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Fission and Spallation seaLLATON

10°

1072 o %

J o Spallation %

1073 o8 o .
.o Fission

Neutron spectrum
(integrals normalized to unity)
L]
o

10—6 nni T Tl BT BRI T Y BT l|n|||| [
10 10° 102 10" 10° 10" 10* 10°
Neutron energy [MeV]

[D. Filges and F. Goldenbaum, Handbook of Spallation Research]
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Fission and Spallation seaLLATON

Energy efficiency is key for high intensity neutron beam
production

Fast neutrons produced / joule heat deposited in target station

Fission reactors: ~10° (in ~ 50 liter volume)
Spallation: ~ 101 (in~ 2 liter volume)
Fusion: ~1.5x1019 (in ~ 2 liter volume)

(but neutron slowing down efficiency reduced by ~20 times)
Photo neutrons: ~10° (in~0.01 liter volume)
Nuclear reaction (p, Be):  ~10% (in ~ 0.001 liter volume)

Laser induced fusion: ~10* (in ™~ 107 liter volume)

Spallation: most favourable for the foreseeable future



EUROPEAN

Spallation Process seaLATIN

Spallation Neutron Yield (i.e. multiplicity of emitted neutrons)

determines the requirement Iin terms of the accelerator power
(current and energy of incident proton beam).

Spallation Neutron Spectrum (i.e. energy distribution of emitted neutrons)

determines the damage and activation of the structural materials
(design of the beam window and spallation target)

Spallation Product Distributions

determines the radiotoxicity of the residues (radioprotection requirements).

Energy Deposition

determines the thermal-hydraulic requirements (cooling capabilities and nature
of the spallation target).

=» Sub-critical Reaction
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Spallation : choice of target materials

Nombre de neutrons par proton

60 i 1} L) i ] I | L I ] j I U L) ld i | | I
i -~ Np ]
- // - -
50 et U ]
- d ”/ -
- L >
- ///D
0 g P Am -
4 — Ig/ - -
5 /// ’/:: »'8 W -
~ /// s ]
- /// v : -~ =
30} SN .
g g 55 G
i /7 /c// —————— + Pb 5
,, /7 ’/‘+-’ i
20 i 7 ol .
Vb i

by
1

% I B [0 [l e e S (L TR
\

oF ¢ -
O A VG [T ) I AT Y e Y v Y (MO R |'ln 1 L4
0 | 2 3 -~

Energie du
proton (GeV)
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1010 -

105 -

Effective thermal neutron flux n/cm?-s

1 -

350 mCi

Ra-Be source

Chadwick

Berkeley 37-inch cyclotron

1930

1940

1950 1960

® Steady State Sources
" Pulsed Sources

1970 1980 1990 2000 2010 2020

(Updated from Neutron Scattering, K. Skold and D. L. Price, eds., Academic|Press, 198
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Outline

« Neutrons properties and their interactions

 How to generate intense neutron beams using high power proton
linear accelerator: The example of the ESS

for further reading
« Applications using Neutrons
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EU Horizon 2020 — strategy -

| The structure which the EC proposed consists of three basic priorities:

— r—————— T TR

LIGHTNING

MATERIALS 1. Excellent Science
2. Industrial Leadership
3. Societal Challenges

FUNCTIONAL gy
‘European Resedech Area I
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LI -~ - . ) ] - \ l
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3 “ A ~ALCESS 10 Risk Finance
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Frontier Research{ERC)
Futlure & Emerging Technologies (FET)
Skills & Career Development (Marse Curie)
Research infrastructures

‘ MATERIAL
-’L
\ RTS
{  IMPLANT
i

\
§ GEO SCIENCE RO - Coherent with Other EU

) ==a, Common Rules, Toolkit of Funding Schemes and MS Actions
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Philosophie de “Pré-vert”: Greenfield

Europe 2019: The European Spallation Sour
(<5 MW)

H u c o S Mn 2r Cs

: . . "'l'_________9 si "
@ oo--.o/,_

Q,,,,.

Lund, Sweden

Japan 2008: USA 2006:
JPARC (<1MW) SNS (<1.4 MW)

1GeV, 26 mA in linac, 627 ns long pulse,

60 Hz

EUROPEAN

Spallation Sources seLaon

Will bring new insights to the grand challenges
of science and innovation

» Collaborative project: more than 17 countries

« 2014: Start of construction phase of the
world's most powerful linear proton accelerator

 2019: Provide the world's most advanced tools

for studying materials with neutrons
(~ 450 employees; > 2500 users / year)

2.86 ms long pulsé !

study
planned

@ operating

10

pSIUPIT
PSI SNS2
@ size

@sys
LANSCE @ @5¥S .projecto xHP P

Thyg [mA]

0.1 F

0.01
0.1 1 10 100

Ep... [GeV]



Helicopter view of ESS

Proton Accelerator
Energy: 2 GeV
Frequency: 14 Hz
Current: 62.5 mA

Target Station
Solid Rojging W
He or r Cooled
SMW average power
>22 beam ports

P

Instrumen

22 InstudMents in
construction ,/
budget |

/

5 times more powerful than SNS

30 times brighter than ILL Total Cost of Project

1843 (2013) Mil €
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Collaborative projects

« ESS is an emerging research laboratory with (still) very limited capacity in-house
* Two possibilities:
« Limit the scope of the project so that it can be done with in-house resources

« Work in a collaboration where the scope of the project can be set by the total
capacity (distributed) of the partners

» The accelerator part of the project well suited for this as this community has a
strong tradition of open collaboration (e.g. E-XFEL, FAIR, LHC, European
Commission Framework Programs and design studies)

» To keep cost down and to optimize schedule this requires that investments in
required infrastructure is done at the partner with best capacity to deliver
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Linac redesign to meet ESS cost objective oo

Optimus+_2013_10_31

—l s 352 21 MHz
«24im-> «4b6m> <«38m> <«39m-> «—241m —

Source LEBT RFQ @» NS Hi HEBT & Continger
i { i

75 keV 3.6 MeV 216 MeV 561 MeV 2000 MeV

20
£
Beam power (MW) — 2315 __,f
® 2
c = -
Beam current (mA) 62.5 2t 10— -
ST 5
Linac energy (GeV) 2 <& 0 , , Beam Beta , ,
0.4 0.5 0.6 0.7 0.8 0.9 1
Beam pulse length (ms) 2.86
.. Style Spoke Medium-f High-p
Repetition rate (Hz) 14 —
Freq. (MHz) 352.21 704.42 704.42
Cavity # 26 36 84
Num. Num. of Velocity 04210 0.58tc  0.78to
of CMs | cavities range 0.58 0.78 0.95
Nom. Acc. 5.74 143 18.2
SpOke 13 26 Voltage (MV)
factor
High B (5-cell) 21 84

[SRF2013 — “The ESS Superconducting Linear Accelerator”, C. Darve, M. Eshraqi,
M. Lindroos, D. McGinnis, S. Molloy, P. Bosland and S. Bousson]
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Accelerator collaborations for ESS “start-up” (& sove

4PN .
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i ii
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N
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LUNDS UNIVERSITET JOhanSSOH

CERN The National Center for

Nuclear Research, Swierk
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! e — [ QP riiveen
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http://irfu-i.cea.fr/Page/474/irfu_signaturesac_der.png

component life-cycles (incl. assembling process, QA)

Cavity Cryomodule Technology

Demonstrators

One full scale 704 MHz medium and high-beta cavity cryomodules
A staged approach towards the series industrialization and
the ESS Linac tunnel installation

Validate designs and construction capability of SRF components L.,
Prepare the industrialization process by validating

Validate component performances (incl. RF, mechanical, thermal)
Develop ESS 704 MHz SRF linac operating procedures
Validate control command strategy (Control box, PLC, EPICS, LLRF)

Validate ESS integration and interfaces with RF, cryogenics, vacuum and
control systems

Train people in ESS SRF Technology and build an ESS collaboration

—> Similar process for the spoke cryomodules
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ESS SRF Cavity Cryomodules

Segmented SRF linac with

2 Spoke Cavities per Cryomo
-8 - RT focusing elements

dule
> > \\

connection

Cryomodules

Ti. Helium tank

Cold tuning System

Power coupler 4 Elliptical Cavities per Cryomodule

-y

) P P s

74



EUROPEAN
SPALLATION
SOURCE

SRF Cavities Development

Spoke cavity Elliptical cavities

—> Stiffeners on the Spoke bars - No HOM power couplers

(vacuum pressure) Hydroformed Ti

bellows

Stiffeners (LFD
(+/- 3mm range)

compensation)

994 mm

NbTi flange
(w/bore holes for alignment &
assembly tool)

A hex.gaskes V\ J \\ [ [ VL@;@_] |
— Y . ‘I

550

418 mm

1

< = /. ‘.‘"o =) f. . ) I o
10 PN \ L « im

Power coupler port

Ti He vessel

Medium beta:
- 6 cells—beta=0.67
- Length 1259,40mm
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ESS Requirements and RF Parameters

Spoke cavities Elliptical cavities

Frequency (MHz) 352,2 Medium High
Optimum beta 0,50 Geometrical beta 0.67 0.86
Operating temperature (K) 2 Frequency (MHz) 704.42
Nominal Accelerating gradient (Mv/m) 9 Number of cells 6 5

Operating temperature (K) 2
Lacc (Bopt.x nb gaps x A/2) (m) 0,639 Epk max (MV/m) 45 45
Bpk (mT) 79 (max)  Nominal Accelerating gradient (MV/m)  16.7 19.9
Epk (MV/m) 39 (max) Q, at nominal gradient > 5e9
Bpk/Eacc (mT/MV/m) <8,75 0 25105 7.6 105
Epk/Eacc <4,38 Qext ' '
Beam tube diameter (mm) 50 Iris diameter (mm) 94 120
RF peak power (kW) 335 Cell to cell coupling k (%) 1.22 1.8
G (Q) 130 p,5p/6 (or 4p/5) mode sep. (MHZz) 0.54 1.2
Max R/Q (W) 427 Epk/Eacc 2.36 2.2
Qext 2,85 10> Bpk/Eacc (mT/(MV/m)) 4.79 4.3
Q0 at nominal gardient 1,5 109 Maximum. r/Q (W) 394 477

Optimum 0.705 0.92

G (Q) 196.63 241

RF peak power (kW)

1100
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Medium-B Elliptical Cavities

K, reduction using compensation rings for medium and high-beta RE/mechanical design

Lorentz detuning

Nominal wall thickness [mm] 3.6 Ky = Af/Eaccz

Cavity stiffness Kcav [kN/mm] 2.59

Tuning sensitivity Df/Dz [kHz/mm] 197 Ky =Kot ﬁ_fF_oo) /B

K, with fixed ends [Hz/(MV/m)?] -0.36 z Kext + Keay

K, with free ends [Hz/(MV/m)?] -8.9 ¢ ———————————————————
Pressure sensitivity K, [Hz/mbar] (fixed ends) 4.85 Koyt (tank + tuner)=30 kN/mm /’—

2 =K =1 Hz/(MV/m)?

—Af=325Hz @ 18 MV/m
4L (1/3 of cavity bandwidth )

/

696.590 MHz ‘= '»:= 1506.483 MHz
698.179 MHz ‘=== 15090.321 MHz
700.309 MHZ = 4= 1515758 MHz
702.390 MHz ‘= '# = 1524 862 MHz
703.882 MHz ‘=@~ 1534.567 MHz ————
704.424 MHz '~ %~ 1542.199 MHz

KL [Hz/(MV/m)2]

1Q [Ohm]

-10
0.001 0.01 0.1 1 10 100 1000
Kext [kN/mm] 77




Cryomodule Interfaces .

* Most AD internal Work Packages (beam optics, RF, cryo, vacuum, test stands,
electrical, cooling, installation)

« External WPs cryomodule, cavity and designers and potential In-Kind collaborators

« Control command (Control Box, PLC, LLRF, MPS, EPICS)

- Data-logging ICS teams Cryogenic distribution

* ESSES&H Control system
« Conventional Facility

« ESS system engineer, QA
* Survey experts
« Transport

Beam
Diagnostic

g

g

[ B p—
imusi mvitiesie]]iptim]mitiesi . Beam |
\ ’ OpthS
" e i
g Ny ' Vacuum
i W/ i euiptiuflhcgvities i

[P | | o .

e Radio-Frequency

Longitudinal position [m]

g

Previous Linac
version for
comparison =

s

Power to beam per cavity [kW]
[~
S

=
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Cold Tuning System

Spoke CTS Elliptical CTS

Type V ; 5-cell prototype
+/- 3 mm range on cavity

Stepper motor
and planetary
gearbox (1/100e)
at cold and in
vacuum

2 piezo stacks

Slow tuner Fast tuner

Main purpose : Compensation of large Main purpose : Compensation of small
frequency shifts with a low speed & frequency shifts with a high speed
Actuator used : Stepper motor Actuator used : Piezoelectric actuators
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Fundamental Power Coupler

Outer conductor

Spoke:
(LHe-cooled) "

335 kW

“Inner conductor
(water-cooled)

Short circuit

»

RF input

Doorknob /&

EUROPEAN
SPALLATION
SOURCE
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Magnetic shield, e.g. Elliptical cavity

Courtesy of J. Plouin/ CEA

Achievable with 1.5 mm,
K, =20000 shielding material

Limit contribution of the trapped flux to the
surface resistance to 4 nQ

« Limit the external static field to Bext = 14 mG.
— Required shielding efficiency equal to 35.
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Per cryomodule
4.5 K Liquefaction Watts to
Watts to 2 K (a/s) ~50 K
Static Dynamic Total Total
Others Valves | Coupler | Total | Beam | Cavity | Total
3.3 0.2 3.5 7 1.5 5.0 6.5 0.092 30
6.3 0.2 6.8 13.3 3.3 20 23.3 0.092 46.5
6.3 0.2 6.8 13.3 3.3 24.4 27.7 0.092 46.5

Sum for the Linac cryoplant (incl. 14 extra HB for contingency space)

4.5K Liquefaction

Watts to 2K Watts to ~ 50K

(a/s)
Heat load due to the beam
':Ijlf‘néaesr Static Dynamic Total Total Total Iosses deposlt a maleum

Spoke 13 91 84.5 175.5 1.196 390 Of 05 W/m tO the SpOke’

medium and high-beta
"b"eet‘;i”m 9 119.7 209.7 329.4 0.828 418.5 cavities sections 2 K
High beta 35 4725 627.9 1100.4 3.22 1627.5 temperatu re levels.
Total 57 683.2 922.1 1605.3 5.244 2436
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Cavity fabrication ]

y

High pressure rinsing [
In clean room (ISO5 or 1SO4)

Chemical treatment ]

Validation test of the cavity
in vertical cryostat

A

fabrication

e

Cryomodule
components

[ Qualified cavity storage

Cavity string
assembling in
clean room

Cryomodule
assembling

storage
A

[ Processed couplers

Vs

Coupler RF processing }

(&

A Space

frame
-
Assembling in clean room }

\_

A
p

Power coupler
fabrication Beam valves

L and extremity

flange

\/

[ Tools fabrication }

Tuning system

Magnetic shield

TA6V rods in X pattern to
keep the beam axis at the
same position during cool
down

Transport

A 4

Cryomodule reception
and storage

A

Validation test of the
cryomodule

v

Cryomodule storage

J

|

Cryomodule on beam line

~N

J

83

Courtesy of Pierre Bosland CEA/IRFU
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Elliptical Cavity Preparation

High beta cavity fabrication (Zanon and RI) Vertical Electropolishing system@ CEA

. .

m!.‘. L\ ~
R \ \?_:“‘ L » 11
2

\
\
\

T s
.
' 4

~— 34N YTTIWFHD

Study of the tooling in
progress @ CEA

Example of the tooling for
the assembling of the
coupler on the cavity in
clean room
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Elliptical Assembly Procedure

Cavity string assembly in clean room Build on existing knowledge (SNS, XFEL)
* Develop Training and “Fabrication file”

* Pre-industrialization
* Industrialization

Thermal shield

Vacuum
vessel

Design concept of the tooling: most of parts will be used for both types of elliptical cryomodules
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Infrastructure in Saclay

Clean room for the M-ECCTD _ _
(and H-ECCTD) High Pressure Possible IKC for the assembly by industry at Saclay

Rinsing HPR (XFEL cryomodules assembly)
« Uses the current infrastructure at Saclay
» Benefits from the experience of the XFEL
cryomodule assembly (ALSYOM)

SoE E=m=s Y
is uu‘E- W o

IS0 7 27,5 R i -5 ST !’ !
y | i . % }

Water cleaning

]
f"

The clean room inauguration
- May 13th 2014




Assembly of elliptical cryomodules

i Coupler / cavity
Courtesy of N. Bazin / CEA R
Check the cleanliness Control of the
{particle counter) level

Leak test

Control of the

position pre-alignment

Cavity string leaving
the clean room

Confrol the

position (x2)

 Detailed procedures will be defined for every phases

Leak test of the
cavity string

= Components and tools
Tooling for elliptical

=  (QOperations cavities:

=  Controls and tests
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Assembly: outside clean room

Courtesy of N. Bazin / CEA

Cavity string assembled
in the clean room

LBak test 'Df IhE Culd mass
Leak test of the helium circuit
cryogenic circuitf | * |shield in the spaceframe ( ! = —rur——————C]J o
Final leak test of the Control of the Control of the
cryogenic circuits alignment alignment

Cryomodule OK

Leak test of the
insulation vacuum

Check the electrical
connections
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Spoke assembling in clean room/IPNO 33’3%1“3””

Courtesy of D. Reynet / IPNO




Road to realizing the world’s leading facility (7‘ cuRopeA
for research using neutrons

2009

Decision: ESS will
be built in Lund

2003
First European design

effort of ESS completed

: | ESS construction
complete
T—

2014
Construction work
starts on the site

ESS starts
user program

- ——
S VT

First neutrons on
2012 & | instruments

ESS Design Update
phase complete

- -
»
»
.
¢




EXTRA SLIDES



Secondary Particlc Produccd at J-FARC

. ’ uon (u)
Target Nucleus Pion (n)

Proton (p) ﬂ

Neutron (n)

o

Proton (p)
3 GeV, 50 GeV

‘l?\leutruno (v)

A Kaon (K)

% Anti Proton (p)

Neutron (n)

Need to have high-power
proton beams

Materials & Life Science from RCS
Nuclear & Particle Physics from MR S—
R&D toward Transmutation from LINAC

— MW-class proton accelerator
(current frontier is about 0.1 MW)




