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This lecture relies on the Precious inPut and materials from:

ESS: Axel Steuwer, Mats Lindroos, Colin Carlite, Ferenc Mezei,
Konstantin Batkov, Luca Zanini

EPFL.: Giorgio Margaritonclo
INFN/ESS: Santo Gammino

CNRS/ESS: Sebastien Bousson and Alex Mueller

A sPecial thanks to Mats Lindroos, who donated the
money received for his 50th birthdag to invite few students
to this school.
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PART 1

 Background for neutron course

« Neutrons properties and their interactions
 Applications using Neutrons

PART 2
* How to generate intense neutron beams
+ High power proton linear accelerator

PART 3
« Examples of world-wide neutron sources
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PART 2
* How to generate intense neutron beams
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SPALLATION Context — Reference to ASP2012 Classes:
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e Ketevi Assamagan: Nuclear Phgsics (Julg 16 and 18)

* Lenny Rivkin: Particle beam clgnamic:s) beam oP’tics,
instrumentations and light sources

. Lgn Evans: Accelerator sciences and the LHC

e Herman Winick: Light Sources

CD — Neutrons Sources ASP2012 — July 31, 2012
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Penetrates Earth's |
Y N Y \
Atmosphere? ' 2
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

10°® 10710 10712

Approximate Scale s , g
of Wavelength ' ~§

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

Wavelength (m)

Frequency (Hz)

10*

Temperature of
objects at which
this radiation is the
most intense

=272 °C =173 °C 9,727 °C ~10,000,000 °C
CD — Neutrons Sources ASP2012 — July 31, 2012
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Length scale in nm
0.01 0.1 0.3 1.0 3.0 10 30 100

atomic and organic surfaces and multilayers viruses
magnelic molecules inhomogeneities cracks and volds
structures magnetic gefects micelles critical phenomena
pharmaceuticals proteins
intérnal strain Supermolecules polymers

0.1 0.3 1.0 2.0
neutron wavelength in nm

CD — Neutrons Sources
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Time scale (seconds)
10-13

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

44—

Excitation energy (eV)
1 10-1 10-2 103 106 109



o lonizing Radiation

SOURCE
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!onizing radiation is radiation composed of Particles that individua”%
carry enough energy to liberate an electron From an atom or molecu e
without raising the bulk material to ionization temperature.

When jonizing radiation is emitted bg or

o @ — absorbed bg an atom, it can liberate a
Particle.

Such an event can alter chemical bonds and
N Procluce jons, usua”g in ion~[:>airs, that are
esl:)ecia”g chemiea”g reactive.

B @

Y Note: Neutrons, having zero electrical
clﬂarge, do not interact electromagnetica”
- with elec‘crons) and so tlﬂeg cannot a’irect/g
n o ,4\%3@ cause ionization bg this mechanism.
()

> 4 High Precision non-destructive Probe whg ?

CD — Neutrons Sources ASP2012 — July 31, 2012 -9-
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1920 E. Rutherford: disparity between the atomic number of an

atom and its atomic mass could be explained by a neutral
particle within atomic nucleus.

1930 V. Ambartsumian and D. lvanenko: proved that the nucleus
cannot consist of protons and electrons only.

1931 W. Bothe and H. Becker: interactions of a-particles with
light nuclei (Li, Be, B) produce an unusually penetrating
radiation.

1932 Iréne Joliot-Curie and F. Joliot: interactions of beryllium
radiation with hydrogen-containing compounds ejects
energetic protons (moderation).

CD — Neutrons Sources ASP2012 — July 31, 2012 -10 -
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~~~~~~~~ Original Message ~~~~~~-~
Subjcct: The neutron’s 80th bir‘cl’ldag

Date: Fri, O1 Jun 2012 12:29:01 +0200
From: Francoise Vauquois

To:

Dear a”)

Itis 80 years todag since the Publication bg the RcCJ{L)aI Society of Cambridge Phgsicist James Chadwick’s famous paper Proving
the existence of the neutron - on 1 June 19%2. Chadwick was awarded the Nobel Prize for his paper two years later.

Chadwick's discoverg launched the development of neutron research, which has since made incontestably decisive break-
throughs for modern science. And the ILL has been world~leac1ing in this domain! 2012 is also the fortieth anniversary of the
start of exPeriments with neutrons at ILL, in1972.

You will find more on the historg of Chadwick's cliscoverg onthe ILL website:

You can also hear the ILL director, Andrew Harrison, interviewed for the occasion bg the BbC, bg visiting the BBC's site, on

Tl’xe I:rench ﬂCWSPaPCr Le I:igaro has also marked t}‘:e occasion:

and so did SPain's Mug interesante:

CD — Neutrons Sources ASP2012 — July 31, 2012 -1 -
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4 9 12 1
,He+,/,Be — C+n

“Whatever the radiation from Be may
e, it has most remarkable Properties”

ER=C

Neutron chamber lonization chamber

an
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6 protons
+ 6 neutrons

Sgnchrotron X—r395

G electron

@ proton
O neutron

Neutrons

Carbon atom

Note: X-rays are emitted bg{ electrons outside the nucleus, while gamma
rays are emitted bg the nucleus.

1.675%10% kg Mass | 939.57 MeV | m, ~ m, + 2.5m,
Mean lifetime 15 min n— p+e + e
Composition udd hadron
Electric charge 0 high penetration
Magnetic moment | —1.04 g | feels the nucleus

CD — Neutrons Sources ASP2012 — July 31, 2012
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Boltzmann distribution

De Broglie

E [meV]=0.0862T[K]=522v"[km/s]=81 81— [A]

cold 0.1-10 1-120 30-%
thermal 5-100 560-1000 41
hot 100-500 1000-6000 1-0.4

CD — Neutrons Sources ASP2012 — July 31, 2012



curcpeny wh y neutrons?
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® Wavelengths comparable to interatomic sPacings (1-5 A)

Q Energics comparablc to structural and magne’tic excitations
(1-100 meV)

Q Neutrons interact onlg weak|9 with matter
Q Neutrons are deeplg Penetrating (bulk samples can bc stuclied)

o Neutrons are scattered with a strength that varies ranclomlg
from element to element (ancl isotope to isotope) - tuning 7

o Neutrons have a magnetic moment : U =-~1.915 U

= Neutron 5catter/hg is therefore an ideal /Dro[)c of magnctic
and atomic structures and excitations

CD — Neutrons Sources ASP2012 — July 31, 2012
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Wave Particle Magnetic moment Neutral

\'/,,_/’*‘ "
77
N~ 1

Neutron Prol:)erties are used to understand the nature of the solid and
|iquicl states of matter, as an analgtical tool to aid the develol:)ment of
materials and as a tool to examine curiositg~driven research that spans from
cosmologg, superconcluctivitg to the clgnamics of the molecules Of life.

—0@ 1. Neutrons see the Nuclei
$ 2. Neutrons see Elementary Magnets

r; ﬂ 3. Neutrons see light Atoms next to Heavy Ones
yA=174

4. Neutrons measure the Velocity of Atoms

mok:y

1) 5. Neutrons penetrate deep into Matter

@ @ 6. Neutrons are Elementary Particles
= 16
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Electrica”y Ncutral — neutrons are non-dcstructivc and can Pcnctratc dcep into matter. This mal«:s thcm an
ideal Probe for biological materials and samples under extreme conditions of pressure, tcmpcrature, magpetic
field or within chemical reaction vessels.

MicroscoPicaug Magpetic ~ t‘l’ICH possess a magpetic cliPolc moment which makes them sensitive to magpetic
fields generated 139 unPaircd electrons in materials. Precise information on the magnetic behavior of materials at
atomic%cvcl can be collected. 1n addition, the scattering power of a neutron off an atomic nucleus clcPencls on
the orientation of the neutron and the sPin of the atomic nucleiin a samPle. This makes the neutron a Powcrf:ul
instrument for dctccting the nuclear spin order.

Angstrom wavclcngths — neutron wavclcngtlﬁs range from 0.1 A to 1000 A making them an iclcal Probc of atomic
and molecular structures, be tl'lcy single atomic sPecics or complcx biopoigmers.

Energjes of millielectronvolts — their energjes are of the same magnituclc as the diffusive motion in solids and
liquiﬁ, the coherent waves in sin%‘c crgstals (Plﬁonons and magnons), and the vibrational modes in molecules. 1t
IS easy to detect any cxchangc or energy between a samplc of between ImicroeV (even 1 neV with sPin-ccho)
and 1eV and an incoming neutron.

Ranclomlg sensitive — with neutrons the variation in scatterin power from one nucleus to another within a
samlalc variesina quasi-ranclom manner. This means that lighter atoms are visible despite the presence of
heavier atoms, and ncighboring atoms may be distinguishcf from each other. In ac]ditlon, cong'ast can be varied
in certain samPles using isotoPic substitution (for example D for H, or one nickel isotoPe for another); sPcchCic
structural features can thus be hi Hightecl. The neutron is Particularl sensitive to h clrogcn atoms; it is
therefore a Powcr'Ful Probe of hgﬁrogen storage materials, organic mc)Efecular matcriaffs, and biomolecular
samplcs or Polgmcrs.

CD — Neutrons Sources ASP2012 — July 31, 2012 17
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o iR Historic - Why neutrons?

In halF a centurg we have developecl neutron scatterin% science enormous|9
with an effective gain N source Pemcormance of onlg afactor of 4!

Clitt shull = Ncutrorjc;ligraction ~ showing where atoms are:

Y - Fe .
D20, (\=2.4A)

Using nowaa’ays tec/mique. )



EUROPEAN “Neutrons are beautiful I” By Sir Colin Windsor FRS
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Wave Particle Magnetic moment Neutral

m
-
7 7

Digractometers - Measure structures
— Wl1ere atoms anol molecules are 1-10 Angstrom

-2 To analgze tl1e structure o1C a material lrom tl’lC scattering
Pattern loroclucecl when a beam of radiation or Particles
(sucl'n as X~rags or neutrons) interacts with it

SPectrometers - Measure dgnamics

“Spectroscopy”
— Wl‘nat atoms and molecules do

1 - 80 meV

- To measure Properties of liglﬁt over a sPecilic

Particles OUT

(photons, ions

Portion of the electromagnetic spectrum D

CD — Neutrons Sources ASP2012 — July 31, 2012




% Three classes of experiments:

atom or scattered small-angle scattering

molecule pEOTONS,
/ T = n=111=-0 fluorescence spectroscopy

- — .
SY“_Ch.TOtTO" Khotoelfct:ons, photoelectron/Auger
radiation l S spectroscopy

molecular Y. g absorption speciroscopy

fragments

photons FSVNES
fragmentation spectroscopy
/ scattered photons [EE:UE e
solid ” TR [5=0 fluorescence spectroscopy

e
/ diffracted photons
photoelectrons,

\ e absorption speciroscopy
Auger electrons photons FSWN=S Radiology and tomography

spectroscopy Qt(())lz:suﬁes desorption spectroscopy

2010 African School on Fundamental Physics and its Applications - Stellenbosch, South Africa

X-graphy
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X~Rag and Neutron beam
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Consider ESS/MaxIV equal in terms of Functionalitg

CD — Neutrons Sources ASP2012 — July 31, 2012



EUROPEAN

spauLaron Complementaritg between A-rays and Neutrons

Neutrons Sunchrotron radiation

Particle beam (neutral subatomic
Particle)

Interactions with the nuclei and
the magnetic moment of unPairecl
electrons (in the sample)

Scattered bg all elements, also the
liglnt ones like the hg&rogen

iso‘col:)es

Deep Penetration Clepth (bulk

studies of samples)

L ess intense beam measuring
larger samples

CD — Neutrons Sources

Light beam (electromagnetic
wave)

Interactions with the electrons
surrouncling the nuclei (in the
sample)

Mainlg scattered by heavg
elements

Small Penetration clepth (surface
studies of samPIes)

Verg intense beam measuring small
or u|tra~cli|ute samples

ASP2012 — July 31th, 2012
o -24 -
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(e SOURCE

SPALLATION Complcmcntaritg between X~rags and Neutrons

Neutrons Applications SR Applications

Magnetic structures & excitations

Organic structures using the H-D
isotol:)e effect

Bulk studies (strains, excitations)

LOW~CﬂCrgL(:LS PCCtFOSCOPg c. g °

molecu|ar vibrations

CD — Neutrons Sources

Protein-crgstal structures
Fast chemical reactions

Surface studies (clmcects,
corrosion)

High~energg spectroscopg c.g
measurements o1c electron energy-
levels

ASP2012 — July 31, 2012
uy > _ 25 _
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Element

Mass number

H

H

Hydrogen Carbon Oxygen Titanum Iron

1e

&L

SOURCE

Li C

neutrons
26

- o o o
s T Fe .M

(inc)

6@ 54 ¢ 58
47 o 56.60.
8@ 57 . 61 @

49 . 62.

Ne

X-rays interact with electrons.

— X-rays see high-Z atoms.

Neutrons interact with nuclei.

— Neutrons see low—Z atoms.

X-rays
Pb

Nickel Lead

Neutrons

SPALLATION Complemcntaritg between X~rays and Neutrons

Material for Li-battery seen by

X rays (left) and
Neutrons (right)

T. Kamiyama, et al.

Li

Mn
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o Neutron beam and X~Ray for Medical APPIications

iThemba Particle Therapy Centre %
[iTPTC) RF |

mlm Labcr oqtotha: olerator

Spot Scanning Principle
Single Spot Few Spots

Final Dose
Distribution
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Hen Egg-White Lysozyme

Water molecules
Observed with
neutrons

N. Niimura, et al.

Neutrons
Protein
DNA
| Aproten
" molecule

From structure to function

moving along
theDNAchain

CD — Neutrons Sources ASP2012 — July 31, 2012
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A Neutrons ancl X~rags are complemcntarg

SOURCE

..see atoms move ..see iso‘copes

CD — Neutrons Sources ASP2012 — July 31, 2012
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? VY3 fgPol

‘“L b NN
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SPALLATION lsotoPe sPcciFic contrast
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X-ray cross section

R
.00...
D C 0 Al Si Fe

.oo_:o O

Neutron cross section

Fig. 2. Neutron and x-ray scattering cross-sections compared. Note that
neutrons penetrate through Al much better than x rays do, yet are
strongly scattered by hydrogen.

Scottering length & (107 “cm)

CD — Neutrons Sources ASP2012 — July 31, 2012
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SPALLATION Scattering — coherence and incoherence
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'—}'{"i" ;f‘ &,‘
S

"ﬁ‘ a’ﬁxﬁ =

to¢
e A

When used as a probe for small samples of materials,
neutron beams have the powerto reveal what is 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 )
often impossible to access using other techniques. ]SOtOPCS ancl SPII‘I?



EUROPEAN

SPALLATION Inelastic Scattering of Planc wave

SOURCE

O

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

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

Simple splﬁerical objec’tll

CD — Neutrons Sources ASP2012 — July 31, 2012



EUROPEAN

S Diffraction = Coherent Elastic Scatl:cring of Plane wave

SOURCE

O

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

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

Simple splﬁerical objec’tll

CD — Neutrons Sources ASP2012 — July 31, 2012



a EUROPEAN -
3 SPALLATION 5 t‘t’
L SOURCE cateeri ng

(# particles scattered into solid angle AC/s)
(# particles incident/sec)(# scattering centers/area)

e Crosssection: do-=

do(Q)
dQ

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

Volume fraction
Contrast
Shape
Interaction

CD — Neutrons Sources ASP2012 — July 31, 2012
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O

Coherent XS~ Signal
Incoherent XS~ If)ackground
Absorl:)tion XS~/ Intensity

90 q

807 I CohXs
70 - [ 1 IncXsS
Bl Abs XS

60
50
40
30
20 5

1 _——
10 A

Scattering Cross Section / Barns

e

H Mg Al Ti Cr Fe Ni
Element

CD — Neutrons Sources

Cu

Zn

Ag

SPeLLAT Neutron Scatteri ng XS

s L oy 5 7
TTEPIRLR W SN 4 ¥ 1 U S S | | S

10 12 14 16 18 20 22 24 26 28 30 32
d-spacing (A)

The neutron diffraction Pattern
of sulfuric acid tetrahgclrate at
4.2 K as seen bg the 90 clegree
detectors on HRPD, and fitted
with the existing X-ra derived
structural model for t%xe
deuterated species.

ASP2012 — July 31, 2012
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shaL Iy Neutron cross sections

NIST

NIST Center for Neutron Research T ey

UserProposal Instruments SiteMap

and cross sections

Neutron scattering lengths and cross sections

Isotope |conc (Coh b |Inc b (Coh xs |Inc xs [Scatt xs
Fe - 945 |--- 11.62

S4Fe 5.8 4.2 Neutron scattering lengths and cross sections
S6Fe 91.7 9.94 Isotope |conc Coh b Incb Coh xs | Inc xs |Scatt xs Abs xs
S7Fe 22 23 - 66 (Gd ---  16.5-13.82i |--- 293 151.(2.) [180.(2.) (49700.(125.)
58Fe |0.3 15.(7.)|0 28 152Gd 0.2 |10.(3.) 0 13.(8.) |0 13.(8.) |735.(20.)
154Gd 2.1 |10.(3.) 0 13.(8.) |0 13.(8.) [85.(12.)
155Gd (14.8 6.0-17.0i |(+/-)5.(5.)-13.16i 40.8 25.(6.) (66.6.) |61100.(400.)
156Gd |20.6 |6.3 0 5 0 5 1.5(1.2)
NOTE: The above are only thermal ne ] .
dependent cross sections please go t4 157Gd |(15.7 |-1.14-71.9i |(+/-)5.(5.)-55.8i |650.(4.)|394.(7.) |1044.(8.) [259000.(700.)
_ 158Gd [24.8 9.(2.) 0 10.(5.) |0 10.(5.) 2.2
Select the element, and you will get a
Feature section of neutron scattering lel |160Gd [21.8 (9.15 0 1052 |0 10.52 |0.77
3, 1992, pp. 29-37.
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k endi
PRL 100, 250404 (2008) PHYSICAL REVIEW LETTERS 27 TUNE 2008

Measurements of the Vertical Coherence Length in Neutron Interferometry

D. A. Pushin,"* M. Arif,> M. G. Huber,? and D.G. Cory'
'Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
2National Institute of Standards and Technology, Gaithersburg, Maryland, USA

3Department of Physics, Tulane University, New Orleans, Louisiana, USA
(Received 19 March 2008; published 26 June 2008)

The study and use of macroscopic quantum coherence requires long coherence lengths. Here we
describe an approach to measuring the vertical coherence length in neutron interferometry, along with
improvements to the NIST interferometer that led to a measured coherence length of 790 A. The
measurement is based on introducing a path separation and measuring the loss in contrast as this
separation is increased. The measured coherence length is consistent with the momentum distribution
of the neutron beam. Finally, we demonstrate that the loss in contrast with beam displacement in one leg of
the interferometer can be recovered by introducing a corresponding displacement in the second leg.

DOI: 10.1103/PhysRevLett.100.250404 PACS numbers: 03.75.Dg, 03.65.—w, 42.50.—p

CD — Neutrons Sources ASP2012 — July 31, 2012



EUROPEAN

S DiHraction - Bragg

O

Diffraction of X~rays or neutrons bg 7/L
Polgcrgsta”ine samples is one of the )
most important, PowerFul and wiclely PR |
used analytical tec:hniques available

to materia?s scientists. For most X~rays interact with the atoms in a
crgsta”ine substances of Crgstal.
technological importance, the bulk

Properties of a powder <> ,\\X

ine solid, averaged

ora Polgcrgstal 1
tlnroughout the sample, are requirecl;
in general a sin%l;:-crgstal clata) even

n
if they can be obtained, are usua”g
of little interest excePt for
determination of the crgstal

g Y g
structure or for s‘cucl%;ing some other Accordm% to the 26 GICV'at’Oﬂj the

fundamental Phgsica property. By Ehase shift causes constructive (left
Jlan Langfora’ and Daniel Louer igure) or destructive (ri ght ﬁgu re)

interferences.

26

CD — Neutrons Sources ASP2012 — July 31, 2012 40
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SPALLATION DifHfraction - Bragg
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O

* Dragg / Laue scattering
e Coherent elastic scattering

Two beams with identical wavelengtl‘n and Phase apl:)roach a crgsta”ine solid
and are scattered off two different atoms within it. The lower beam

traverses an extra length of 2dsin 8 . Constructive interference occurs when
this length IS equal to an integer multiple of the wavelengtlﬁ of the radiation.

Incident
plane wave

A
4
s
.e')
-

e -~

v
.:\‘V% sin
\L'Q.E(i.

i [»] @ Constructive interference
when

o nA = 2d sin 6
Bragg’s Law
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EACEE Diffraction - bragg

Using the grains as internal strain gauges

A

A
A=2dsinf f
Textuni”e
Plﬂasd; Volume

¢ =-cof(6) (0-6,)

Microstructureg....... I

Two wags to measure Cl:

~‘<CC 9 FiXCCl ancl measure A

time-of-fi ght

v

v

Single Peak Lattice spacing 29
Strain
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SPALLATION Diffraction: Texture

SOURCE

e 15|S: GEM instrument
e Near<4r coverage

Example

+  Cold rolled copper, R = O N
sxmulatlnémanu acturmg il { @ - et =0 .
rocess ror arc eometrg 2 RS , i

e 2mm thlck dlsks
e 20x20mm?beam
e 2min counting times

Pt N hp’ e~ 1hsecd )
= Tkt Fhii?, (15)

Neutron texture analysis on GEM at ISIS P 4 220
W. Kockelmann, L.C. Chapon and P.G. Radaelli 0 %7 p SIn

Physica B, Vol. 385-386 (1), pp639-643 (2006)
CD — Neutrons Sources ot A raction Ca
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SPALLATION
SOURCE

Ditfraction: Stress and Strain

|

2. |

Xy

O41
\ Op1
O34

X

O12 943
U32 Yz

!

O'ij where (iand j=123)

ApplicationS:

Residual stresses
Fatigue /Structural

Wel

| ntefritg
S

A”og de\/elopment
Microstructure/Texture
Phase transformation
Inxsitiu ﬁa&p@miments




EUROPEAN

SPALLATN Examl:)le - DiHfraction

VOLUME 73, 15, 19458

APRIL

NUMBDER 3

PHYSICAL REVIEW

The Diffraction of Neutrons by Crystalline Powders
E. 0, Woezan axp C, G, Smun

ilter

Gru;};hite Collimator| | Neutron flight tube

Adjustable slits

Collimator " chromating, coyval (saied et

Detector He?
Multidetector

showing the mono-
center) collimating

Pzt N hp' enhoecd
= I Fri?,  (15)
Py, 4nr p sin?26

lntensitg ot dittraction pea
D2B at the L, Grenoble, 50 years later uly 316, 2012




EUROPEAN

SeaLLATION SPa"ation Sources: Time of f"lig1t

SOURCE

VESUVIO

AS IS
Z “ ,

‘l\\- -.o, [

o, ,
‘ SO,
g o= De Broglie
& e Tungsten
& db target and
/ 029 UUO water

800 MeV ' &

& moderator
o

o

HEP Test Bra ge
I

Beam

. 70 MeV H Linac

Time~o¥~lzlight:

Fast, short~wave|cngth neutrons
arrive earlier at detector!
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SPALLATION l 11 el LIS
SOURCE C el

Liquid water

lce lll

lceV

Figure 1. Neutron diffraction patterms measured in the course of
heating of the recovered D:O high-pressure phase ice VIII from 94 to

Temperature (K)

0.1
Pressure (GPa)

(00@)=In, (188)-Jo

(100)=in

-

lds T
25 30 35 4

\
1
T
ol St

Figure 2. Neutron diffraction patterns of DO ices before and after phuse transitions: (a) from ice VIII (dashed line) to & mixture of hda + léa
ices (solid line) at 125 K: (b) from the mixtare of kdx + 1éx ices (solié lime) to jce Ic (dashed line) at 160 X; (¢} from ice Ic (solid line) to the

hexzgonal phase, “smectic B” type structure (dashed line), at 190 K; (€) from “smectic B" type ice (dashed line) to ice Ik (solid line) at 230 K. The
diffraction patters zlso costain peaks from the aluminum sample can ané cryostat.
CD — Neutrons Sources




Batteries

Normalized intensity

Normalized intensity

QA"

Figure 2 Neutron diffraction pattems measured al
FeP0,-LiFeP0, binary phase diagram. ab, Rietve
time-of-flight neutron diffraction profile measured fo
(a) and the angle-dispersive neutron diffraction profi
620 K (b). Two different neutron diffractometers we
information for each measurement as explained in
points are plotted using the common scale @ = 4rs
Q 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 intensit
Y.« are represented by red plus signs and the gree
blue curve at the bottom represents the residual dif
parameters are summarized in Supplementary Infor
impurity phase was identified, and the crystal st
with the space group Anma.

————>[001]
E, = 2,500 meV

LiFeP0, and possible lithium pathways. a,b, The
pjected along the [010] (a) and [001] (b) directions.
ays are parallel to these directions. The structures
parameters obtained through this work and
Information, Table S1. The structure can be

jonal close-packed oxygen sub-array, in which Li, Fe
sites to form (1) comer-sharing FeQ; octahedra that
distorted two-dimensional square lattice perpendicular
Li0; octahedra aligned in parallel chains along the
groups connecting neighbouring planes or arrays. The
ellipsoids indicate Li, Fe, P and O atoms, respectively.
lithium migration paths: ¢, along the [010] direction
ahedral sites; and d, along the [001] direction

al sites. One-dimensional diffusion along the [010]
the computational method'®,

Figure 3 Anisotropic harmonic lithium vibration in LiFePO, shown as green
thermal ellipsoids and the expected diffusion path. The ellipsoids were refined
with 95% probability by Rietveld analysis for room-temperature neutron diffraction
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.




EUROPEAN

spaLLATON Fuel Cells

Available online at www.sciencedirect.com
- ,

“-.* ScienceDirect

Solid State Tonics 177 (2006) 23572362

www.clsevier.com/locate/ssi

LU B S B B S S B S B N S S B B B S B B N B B B B B S S B B B B S

Table 1
Summary of results obtamed from Rietveld analysis of neutron powder diffraction data for BaZr; - In,O;. ¢ s,, collected at 10K on the NPD diffractometer

x=0.0 x=0.0 x=0.25 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, (A%)
Baon 1(b) 1/2,1/2,1/2 0.09(3) 0.08(2) 0.10(3) 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) 0.3709)
In on 1(a) 0,0,0 - - 0.19(3) 0.23(3) 0.43(5) 0.37(9)
0 on 3(d) 112,00 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) 2.90(2) 2.68(2) 2.98(3)
xz 1.96 1.99 1.85 1.64 1.72 3.16
Weighted Ry 4.17% 5.16% 4.7% 4.74% 5.28% 6.62%
3.97% 3.86% 4.63% 4.40% 8.16% 6.62%
16 16 16 16 16 16

20(%)

number of protons

gogg&ozm?% Fig. 2. Low temperature (10K) neutron powder diffraction pattemns of as-prepared and respective deuterated (marked with D) BaZr, . In, 055 (x=0.00, 0.25 and 0.50)
samples.
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S Small Anglc Neutron Scattcring

Bacteria

Atomic Structures | S

Porous Media  Precipitates Grain Structures

| TEM

- ;1 >
DIFFRACTION| SANS/SAXS }: USANS

X-ray, n, € 10-1000 A Optical microscopy
DLS Light scattering »

10-1T'm 10-° 10- 10
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EUROPEAN

SPALLATION Sma“ Anglc Scattcring

SOURCE

O

e Scatteri ng Vector
Sin 8 =QA/41=1/2d

—d=21/Q

Small anglc — small Q — large distances
long A (cold neutrons) =6 A, d=200A,20 =1.7°
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S
Beam: Collimator
Neutron (SANS)
or X-ray (SAXS)

RESULTS

©,,~0.03°, ©_ ~3°

2D detector

10000

(Q) 1/cm

SANS: Experimental Setup

Measures structures at
length scales From I nmto

100 nm

SANS

1000}
100%—
102—
o1l

0.011

0.001 001 01
Q1/A



EUROPEAN
SPALLATION

SoURCE SANS: applications

Crystallography Microstructure Structure

Viruses

Bacteria

Atomic Structures | {58

Porous Media  Precipitates Grain Structures

EM

-« ’1 »
DIFFRACTION| SANS/SAXS F USANS

X-ray, n, e 10-1000 A Optical microscopy
DLS Light scattering

< < > >

10-1T'm 10~ 10~ 10~




spaLLATON Small Angle Instruments

Velocity selector Neutron guides | Detector
(Monochromator) | (Collimators) (position sensitive)

Neutron guides
Collimators i ‘Evacuated tube (40m)




a EUROPEAN -
3 SPALLATION 5 t‘t’
L SOURCE cateeri ng

(# particles scattered into solid angle AC/s)
(# particles incident/sec)(# scattering centers/area)

e Crosssection: do-=

do(Q)
dQ

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

Volume fraction
Contrast
Shape
Interaction
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EUROPEAN

SPALLATION SANS: Scaﬂ:ering of Plane wave

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

Scattered spherical wave: —b exp (i kr) / b

Simple spherical objectl!

Plane incident wave: exp (i kr)

0@ _ N v 5P0)S0)

d<2 7 \

Volume fraction » Contrast




spLLATON SANS: Particles: contrast!

Density: p
I Contrast! p, = p, — py

Densitg: Py

RNA
Proteir

—

Phosphcpipids
%D,0

-0.5
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SPALLATION SANS: quic|< cxamplc

O

Protein based clrugs:

. 3Pica”9 Froteins in solution to be injectecl nsulin Hexamer
f .

*Long shelf life (ul:) to 2 years)

«Control of release pro le is desirable
Fast action: Monomeric and Medium action:
dimeric insulin Hexameric insulin

2

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

Knowledge and control of solution
Properties of the Proteins are crucial

Source: L Arleth, Uni CoPenhagen ASP2012 ~ July 31, 2012
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SANS versus SAXS
Sgﬁ%&“ " SAXS contrast SANS contrast 1

SANS contrast 2 SANS contrast 3

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



@ SANS: Different Shapes
- Spheres:
R=60 A
SANS
10005
E Rods: R=60 A
100k
: L=1200 A
5 10 Worms: R=18 A
= F SANS
— T 10000 L =5000 A,
o = P
= o 1000f Kuhn Length = 300 A
0.01F e 100f SANS
_ 3] 10000
0001 o o L = 10l
0.001 001 01 1 - 1000k
Q1/A g
= 100k
0.1} 5
~ 10}
001 o oo Wl
0.001  0.01 0.1 1 9 gl
Q1/A -
01}
0.01

0.001 001 01
Q1/A
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SANS

SPALLATION

EUROPEAN
SOURCE

O

and selectivitg

Y
isotopic substitution /contrast variation
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SPALLATION Neutron Rcﬂectivity

SOURCE

REFLECTED
DIFFRACTED REFRACTED TRANSMITTED

BaSiC PrinCiPIC PEAKS DIFFRACTION PEAXS

SPECULAR
REFLECTION




EUROPEAN
SPALLATION

SoURCE Neutron Reﬂectivitg

REFRACTED TRANSMITTED
DIFFRACTION PEAKS

SPECULAR
REFLECTION

HORIZON

Neutron reflectometry to investigate the delivery of lipids and DNA to
interfaces (Review)

Tommy Nylander
Physical Chemistry 1, Lund University, Box 124, SE-22] 00 Lund, Sweden

Richard A. Campbell
Institut Laue-Langevin, BP 156, 38042 Grenoble Cedex 9, France

Pauline Vandoolaeghe
Physical Chemistry 1, Lund University, Box 124, SE-22] 00 Lund, Sweden

Marité Cardenas
Biomedical Technology Laboratory, Faculty of Health and Society, Malm¢ University, SE-205 06 Malmd,
Sweden

Per Linse
Physical Chemistry 1, Lund University, Box 124, SE-22] 00 Lund, Sweden

Adrian R. Rennie
Department of Physics, Uppsala University, Box 530, SE-751 21 Uppsala, Sweden

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

— 1oum 63uR

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 concerns 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. [DOL: 10.1116/1.2976448]
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Fission and SPa”ation
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FI1SSION

Courtesg of Konstantin Batkov

n + 235y __y Bgy + 139% e + 2n

Why incident neutron?

»  Zero electric charge (= no Coulomb’s repulsion)
allows the neutrons of very low energy to approach

the nucleus at | < L,,,q
» Very high fission cross-section with 2**U.

Why 235U?

» Most of heavy nuclei can undergo the fission
reaction initiated by neutrons, but 2**U has very
high cross section with thermal neutrons.

» No fission threshold energy = incident neutrons

can be very slow.

=> Chain Reaction

Prompt neutrons

» Average energy: ~ 1 MeV

Fission fragments

» Beta radioactive

Konstantin Batkov

Neutron Production



SouRcE The sl:)a"ation process

SPa”ation Neutron Yield (.e. multiplicitg of emitted neutrons)

determines the requirement in terms of the accelerator power
(current and energy of incident Proton beam).

SPa”ation Neutron 5Pectrum (l.e. energy distribution of emitted neutrons)

determines the clamage and activation of the structural materials
(clesign of the beam window and SPa”a’cion target)

SPa”ation Product Distributions

determines the racliotoxicitg of the residues (ra&ioprotection requirements).

Energg DePosition

determines the thermal~hg<:lraulic requirements (cooling capabilities and nature
of the sPa”ation target).

> Sub-critical Reaction

CD — Neutrons Sources ASP2012 — July 31, 2012



SOURCE

Q SPALLIION Fission and SPa"ation
| Neutron Eission

O product/ro
Nucleus . , ,
Neutron with U-235 /{/f Q\O - SPa”atlon is a non-elastic

)

thermal energy c nuclear interaction induced bg a
O—>> > O 3

high—-energg Particle Proclucing

N Oa ,
Q/ numerous seconclarg Partlcles
O Neutron Fission\O
O product
@ Proton Neutron

Slow neutron —— Fission — Chain reaction

Process Reaction Neutron yield | Energy deposition
Fission 235U(n,f) 3 n/fission 190 MeV/n
Spallation | p 1GeV — Hg | 30 n/proton 55 MeV /n S Brotons

Nucleus/ Pions
Primary particle /
O > ——> Neutrons
GeV \
\ Residuals

Gammas
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SOURCE

O

Neutron spectrum
(integrals normalized to unity)

EUROPEAN
SPALLATION

Fission and SPa“ation

109 [5
-1 [ Oe® *
10 E Oo.....~"...
5 f . o "o.
10_ = . -
s 2® o Spallation %
103 L o . .
- eo° Fission
-4 [ *o
104 L )
10_5 ::o
10—6;101 T BT BT BT Y BT
104 102 102 107" 10° 10" 10°® 10°

Neutron energy [MeV]

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



EUROPEAN
J SPALLATION

P SOURCE

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)

[(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 futurs
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